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PREFACE

This is Volume 1 of a two volume final report for the contract “/Analysis of
Dynamical Plasma Interactions with High Voltage Spacecraft.” The period of
technical performance was 31 December 1988 through 31 December 1991. The
objectives of this contract were to study dynamical plasma interactions with
high voltage spacecraft, to construct a three-dimensional computer code,
DynaPAC, as a workbench for such studies, and to support the SPEAR
program. Volume 1 is a compilation of work done to model high voltage
plasma interactions, with application to the SPEAR-II chamber tests and to
the design of SPEAR-3. Volume 2 contains documentation for the DynaPAC
code, as well as for the two-dimensional Gilbert code.




1. INTRODUCTION

This volume contains excerpts of work done in three general areas:

(1)  Dynamic plasma problems done in two dimensions using the Gilbert
code. (Chapters 2-3.)

(2)  Work performed in support of the SPEAR-II program. (Chapters 4-7.)

(3)  Work performed in support of the SPEAR-3 program. (Chapters 8-10.)
The SPEAR-3 work is continuing under contract F19628-91-C-0187,
entitled “Space System-Environment Interactions Investigation.”

In addition to numerous technical meetings directly related to this contract or
to the SPEAR program, presentations were made under this contract at the
following professional conferences:

Spacecraft Charging Technology Conference, Monterey, CA, 30 October
through 2 November, 1989. “Dynamics of Spacecraft Charging by Electron
Beams.” M. J. Mandell and 1. Katz. (Conference proceedings available.)

High Voltage Workshop, Port Hueneme, CA, 19-21 March, 1991. “Transient
Plasma Current to a High Voltage Probe.” M. J. Mandell, T. T. Luu, G. A
Jongeward and I. Katz.

Physics Computing ‘91, 10-14 June, San Jose, CA. “DynaPAC - A 3-D Finite
Element Plasma Analysis Code.” M. J. Mandell, T. T. Luu, and J. R. Lilley

SOAR '91, NASA/]SC, Houston, TX, 9-11 July 1991. “Spacecraft-Plasma
Interaction Codes: NASCAP/GEO, NASCAP/LEQ, POLAR, DynaPAC, and
EPSAT.” M. J. Mandell, G. A. Jongeward, and D. L. Cooke. (Conference
proceedings available.)




Chapters 2 and 3 of this report present two-dimuvnsional calculations of
generic plasma interaction situations in which dynamic effects strongly
influence measurable results. The work in Chapter 2 was motivated by
observations by the MAIMIK rocket of spacecraft potentials far in excess of the
energy of an emitted electron beam. This work shows that the oscillations of a
beam emitted into an underdense plasma can cause this overcharging.
Chapter 3 is an attempt to calculate, for fairly modest parameters, the effects of
the sheath instability caused by orbital motion of a positive body. It shows
that substantial potential oscillations occur, and that the electron current to
the probe is enhanced.

Chapters 4-7 present work performed in support of SPEAR-II. Chapter 4 deals
with the generic problem of plasma response to a sudden application of
negative voltage to a probe. The calculation was done first with Gilbert, then
duplicated with DynaPAC. It showed that it takes a long time to establish an
equilibrium sheath, and that during this time ion currents to the probe can be
enhanced by as much as an order of magnitude. Chapter 5 shows the
application of these ideas to the sheath of the SPEAR-II high voltage probe,
explaining the observed difference in probe reading between vacuum and
plasma conditions. Actual DynaPAC calculations (performed post-test during
the fall of 1990) of the actual plasma currents to the SPEAR-II high voltage
components appear in Chapter 6. (It is worth noting that these calculations
proceeded at a rate of one one-microsecond timestep per day on a Sun
Microsystems SPARCStation I. Subsequently, DynaPAC recoding led to at
least a factor of three speed increase, and transfer to an SGI Iris Indigo to
another factor of three. Were we to repeat the calculation, we should be able
to do several timesteps per day.) The SPEAR-II calculations are tied together
and summarized in 5-Cubed's contribution (partially supported by other
contracts) to the SPEAR-II Products Report, which is included as Chapter 7.




Finally, Chapters 8-10 show some early work on the SPEAR-3 modeling.
Chapter 8 describes a one-dimensional model, since incorporated into the
EPSAT code, which provided early estimates for the neutral density required
for breakdown of a negative sheath. Chapters 9 and 10 describe early work on
the rocket floating potentials, collected currents, and current distribution to
the particle detectors. With the benefit of this work, we were able to improve
our computational models and update our geometrical models to obtain
excellent results under the new contract.




2. DYNAMICS OF SPACECRAFT CHARGING BY ELECTRON BEAMS

This work was presented at the Spacecraft Charging Technology Conference,
Monterey, CA, 30 October through 2 November, 1989. It was published in the
conference proceedings. It also appeared in the Interim Report (30 September
1990) for this contract.




Dynamics of Spacecraft Charging by Electron Beams
M. J. Mandell and 1. Katz
S-CUBED Division of Maxwell Laboratories, La Jolla. California

When a spacecraft or rocket emits an electron beam into an underdense plasma, it can
charge to potenuals in excess of the bearn energy. We show calculations in which 8 keV
beams are emited along and across the earth’s magnetic field, with parameters appropriate
to the MAIMIK rocket. As was observed on MAIMIK, the spacecraft charged w
potentials in excess of the beam potential due to energization of beam electrons by beam-
gencrated electrostatic oscillations. This is in contrast to the low levels of charging often
seen in denscr environments, where higher plasma currents, coupled with iomzation of
neutrals, hold spacecraft potentials below a few hundred volts.

The beam structure and the spacecraft potential oscillate at a frequency corresponding
10 the mean lifeume of the beam electrons. These oscillations energize the beam
electrons, and also pump energy into the ambient plasma, which exhibits lower frequency
oscillatons. The peak spacecraft potcnual 1s over 1 kV in excess of the beam energy.
For the cross-field case, the oscillation frequency is proportional 10 the beam current for
sufficiently intense beams.

Following beam turn-off, there ts an immediate return of unscattered beam electrons
and a longer term dissipation of scattered beam electrons. Analytic esumates are presented
for the decay and overshoot of the spacecraft potential.

INTRODUCTION

A number of electron beam experiments have measured results that apparently violate
conservation of energy. The SEPAC experiment (Reasoner et al., 1984) measured a
spectrum of returning electrons extending to energies well above that of the emitted beam,
and the MAIMIK rocket (Maehlum e al., 1988; Denig, Maehlum and Svenes, this
conference) was charged by an 8 keV electron beam to potentials as high as 14 keV. Katz
et al. (1986) performed a planar calculation that showed that oscillations of the beam
electrons led to the spectral broadening seen in the SEPAC experiment. In this paper, we
show 2-dimensional calculations, with parameters appropriate to MAIMIK, illustrating that
space charge oscillations associated with the electron beam lead to rocket potentials in
excess of the beam energy.

The electron bearn on MAIMIK was directed nearly across the earth’s magnetic field.
The geometry of an intense beam directed across a magnetic field is shown in Figure la. If
the spacecraft is near the beam energy, the beam electrons will be slowest at their farthest
excursion from the spacecraft and will form a space charge maximum. This space charge
maximum breaks the azimuthal symmeury of the problem, so that electrons may be scattered
from their original gyro-orbits and leave the vicinity of the spacecraft. Unfortunately, this
is a truly 3-dimensional situation and, therefore, very difficult to model.

Two beam configurations that can be modeled in 2-dimensional axisymmetric geometry
are shown in Figures 1b and 1c. Figure 1b shows a beam directed along the magnetic
field. An intense virtual cathode is formed. Most of the beam electrons move outward
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from the virtual cathode and are attracted back to the spacecraft, which they impact from
behind. A few of the beam electrons continue along the magnetc field line and escape the
vicinity of the spacecraft. Figure lc illustrates an "equatorial” beam, in which electrons are
directed across the magnetc field from the entire spacecraft circumference. A ring of
maximum space charge appears around the spacecraft. Because the space charge maximum
is a full ring rather than a localized region, we expect it to be less intense than would be the
case for a physical beam of the same current. Also, the space charge maximum is less
effective at scattering because it does not break azimuthal symmeuy.

The calculations described here were performed using an S-CUBED-developed, finite-
element, electrostatic particle-in-cell code named Gilbert. Gilbert is a flexible, mulu-
purpose code with many special features. For these calculations, the space around the
spacecraft was gridded with biquadratic elements of vanable resolution to a distance of ten
meters. Each element represents a volume of space corresponding to its area revolved in a
full circle about the symmetry axis. For the "equatorial” beam, the calculation took
advantage of mirror symmetry about the equatonal plane. The computanonal grids for the
two cases are shown in Figure 2.

PHYSICAL PARAMETERS

Table 1 shows the physical parameters used in the calculation. The parameters listed in
the "current collection” category are calculated for a spherical spacecraft at the beam
potential uf 8,000 volts.

Table 1. Problem Parame.ers

Geomerncal Parameters
Inner (spacecraft) Radius 03m
Outer Radius 10.0 m
Magnetic Field 0.4 gauss
Beam Parameters
Beam Current 0.16 amperes
Beam Energy 8000 eV
Plasma Parameters
Electron/Ion Density 3x 109 m?3
Electron Temperature leV
Ion Mass 16 amu
AD 13.6 cm
Wpe 3.1 x 106 sec!
o, 7.0 x 108 sec!
Jm 8.0x 105 A-m’z

Current Collection
Langmuir-Blodgett Radius  10m

Parker-Murphy Radius 1.54 m
Parker-Murphy Current 0.0025 amperes
Probe Charge 2.7 x 10-7 coulombs
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The plasma surrounding the spacecraft is "underdense”, in the sense that the Parker
Murphy bound (Parker and Murphy, 1967) on the plasma return current is only a few
percent of the beam current. Also, the electron plasma frequency is below the elecron
cyclotron frequency and, as we shall see, well below the oscillation frequency of the beam.

The radius of the computational space is taken equal to the radius of a space-charge-
limited spherical sheath in this plasma, which is far larger than the Parker-Murphy radius
for current collections. The effect of the plasma external to this radius is represented by 2
zero potential condition on this boundary. In retrospect, this approximation appears
adequate to represent the beam dynamics, the ion dynamics, and the collection of ambient
electrons but omits long-range transient effects on the ambient electron density.

CALCULATION FOR BEAM ALONG FIELD

The calculation begins with the grid of Figure 2a filled with electron and ion
macroparticles (Figure 3a). The beam :s proje “ted along the magnetic field (Figure 2b) and
initially exits the computational space. The negative beam charge and the paositive charge
left behind on the spacecraft produce a dipole potential (Figure 3¢) that expels ambient
electrons from the beam region (Figure 3d}

The spacecraft reaches beam potential about 2.5 microseconds after beam turn-on
(Figure 4a), and the potential exhibits persistent oscillations (at 2 x 10® Hz) for the duration
of the calculation (Figure 4b). During this time, the spacecraft remains always above the
beam potential and has a peak potential of about 9,100 volts.

The beam conformation oscillates along with the spacecraft potennal. Figure 5a shows
the beam conformaton when the spacecraft potendal is fairly high. The bulk of the beam
electrons are far from the spacecraft, having been emitted when the potential was low.
Figure 5b shows beam conformation at a fairly low potential. In this case, the bulk of the
beamn electrons are close to the spacecraft, having been emitted at high potential. However,
a pulse of energized electrons can be seen escaping along the field line.

Figures 6a and 6b show the electrostaiic potential structure about the spacecraft. The
sheath is elongated along the magnetic field due to quasi-trapping of ambient electrons that
cannot be collected. The contours are distorted along the axis by the beam electron space
charge (Figure 6a). At times, a negative potential well forms in the cross-field region
(Figure 6b).

Figure 7a shows the amount of beam electron charge in the computational space, and
Figure 7b shows the time dependence of the dipole moment of the beam electrons, defined
as

Dipole Moment =f rzdir

where p is the charge density of beam electrons. Since the dipole moment is oscillating at
2 MHz, we expect to see sirong electromagnetic radiation at this frequency.

Figures 8abc show spectral analysis of some of the oscillating quantities. The potential
(Figure 8a) shows a sharp peak at 2 MHz, with well-defined second and third harmonics.
The beam dipole moment (Figure 8b) shows a sharp peak at 2 MHz, as well as a broad
peak at the ambient electron plasma frequency (0.5 MHz). The dipole moment of the
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ambient ¢'eorans TR et shows Itle evndence of the 2 Mz osCrdlationy bet has g
strong, hroud peak near the ambient plasma frequeney

The beam charge (Figure 74y vanes from U.04 10 0 08 peoul Dividing this by the
beam current of O 16 amperes shows that bearn parucle lifeumes fall manly in the range
0.25 - 0.5 psec. Noung also that the upstrokes in Figure 7 tstrong retum currents are
steeper than the downstrokes (steadily emed current? deads 10 the following interpretanon
Most of the heam electrons retura to the spacecruftin a short bunst. Flecrons emtted
during the return burst see relatvely weak retarding fields, trave! fur from the spacecraft,
and have lifeumes of approximately a full oscillason penod. Electrons emmtied while the
potential is ising see stronger retarding fields, ravel smaller excursions, and retum o the
spacecraft at the sume ume as the long-lived elecuons, producing the return cunent
bunching. This bunching is similar to that seen by Kartz er al (1956,

Figure 9 shows the ion positions at the conclusion ot the calculation (20 psec). The
ions have cleared a region of about two meters around the spacecraft. Thus the run time of
this calculation is too short 1w approach the formation of an equilibrium “sheath™

CALCULATION FOR BEAM ACKOSS FIELD

A simular calculagon was performed for an equatonal beam directed across the magneuc
field in the grid of Figure 2b. (Note thatin this calculation we have taken advantage of
mirror symmetry abou’ the z = 0 plane. Values for current and charge will be quoted at
double the computed values, so that they are charactensac of a complete sphere.)

The beam elecons at the conclusion of the calculaton are shown in Figure 10. The
figure shows a main stream of electrons emitted from the spacecraft, slowed by the electnc
field and rumed by the magnenc field, then returning to the spacecraft. In addinon, there is
a column of beam electrons extend.ng in the magnetic field direction. The mechanism for
populating this columa is that a beam electron in its inital orbit gains enough momentum
along the magneuc field to miss the spacecraft on its first retum passage. and while passing
near the spacecraft receives a substantial impulse along the field. Electrons leave the
column by either impacung the spacecraft or escaping the gnd.

Figures 11ab show the time history of the spacecraft potenual. Four different current
values were used. From Figure 11b we see that, while doubling the current led to some
increase in the mean potential and its oscillaton amplitude, the main effect 1s to doubie the
frequency.

Figures 12ab show the potential contours about the spacecraft at two different umes.
As in the previous case, the sheath is elongated along the field line, and a negative potential

von s sometme s soen in the cross-ficld region.

Figure 13 shows tie ambient electron macroparucles. The ambient electron
population was maintained by generating the plasma thermal current at the sphen.al
problem boundary out to a radius of eight meters. A low density region is seen to extend
along the field line from the spacecraft; electrons in this region are allowed by the theory
of Parker and Murphy (1967} to be collected by the spacecraft. A high-density cloud of
electrons is seen in the cross-field region, as these electrons cannot be collected by the
spacecraft and have low probability of escaping the grid. This ambient electron charge
density structure is the cause of the elongated potential contours shown in Figures 12ab
and 6ab.




dV/dt = 1y/C) (V/V !~

where L, is the Parker-Murphy current at potential V(- 0.0025 amperes at 8,000 volis)
and C is the spacecraft capacitance (3.4 x 10"!! farads). The soluton is

Lot =-24x 106 (Vz‘ﬁ’ . V,W)

which gives a discharge time of about 200 psec. Since the thermal ion speed is only a few
thousand m-sec'!, it will take about a millisecond for the ions to repopulate a sheath a few
meters in radius. Assuming a thermal electron distribution, the spacecraft will charge
negatvely during this ime according to

dV/dt = 4ra’J, e¥®/C

whose solution is
V6 =-in(l + 1)
t=C B/(4n3211m )

For our parameters, t is about 0.4 psec, and we expect an overshoot to about -8 volts.
However, if the electron distribution has an elevated thermal tail, as is likely due to
turbulence associated with the nonuniform, nonequilibrium ion distribution, the negative
overshoot will be much greater.

CONCLUSIONS

Electron beams emitted from spacecraft in the ionosphere exhibit complex behavior.
We have analyzed here the case of a beam emitted into an underdense plasma, with
parameters appropriate to the MAIMIK rocket. The beam was emitted both along the
magnetic field and across the field in an “equatorial” fashion.

The beam-emitting system exhibits oscillations at a few megahertz. These oscillations
are associated with bunched return of the beam electrons and cause electron energization so
that the spacecraft can achieve potentials in excess of the beam energy. At least for the
field-aligned beam case, these oscillations are dipolar in character and should be observable
as electromagnetic radiation. For sufficiently intense beams, the oscillation frequency is
proportional to the beam current.

The dynamics of the ambient plasma is largely independent of the beam dynamics. The
ambient electrons show a broad peak at their own plasma frequency and form an elongated
sheath.

Even in this very underdense plasma, the relaxation of spacecraft potential following
beam turn-off is rapid compared with the time for ions to thermally fill in the sheath. If the
nonuniform plasma that exists during this time causes electron heating, a substantial
negative overshoot of the spacecraft potential can occur.

Acknowledgement. This work was supported by the Geophysics Laboratory, Hanscom Air Force Base,
Massachuseus, under contract F19628-89-C-0032.
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Table T siows the range of beum charge, runge of beam elecoon lifetume, and
oscillation penod for the different vaiues of emission current. As with the field-angned
beam, the oscullauon period is near the maximum beam particle lifedme. Except for the
lowest current value, the beam charge increases only slightly when the current is doubled.
This is because the maximum beum charge is approaching the charge on the sphere. When
the current is doubled, a modest increase in mean spacecraft potential is sufficient to reduce
the particie excursion distance and cut the beam pariicle lifeume by half. This point is
further illustrated by Figure 14, which plots the quantity

jprd%

The average and oscillation amplitude of this quandry varies slowly as the sheath is being
formed, but shows no abrupt changes as the current is altered, leading to the conclusion
that the system rapidly adjusts so that the beam charge times its excursion distance is
independent of current.

Table 2. Beam Charge, Lifetirae, and Oscillation Period for Equatorial Beam

Current Charge Lifetime Period
{Amperes) fucoul (isec) {itsec)
0.16 0.07-0.1 0.44 - 0.62 0.62
0.32 0.12-02 0.38 - 0.62 0.47
0.64 0.13-0.21 0.20 - 0.33 0.28
1.28 0.14 - 0.25 0.11-0.19 0.18

BEAM TURN-OFF

Several papers at this conference discussed beam turn-off, showing that the spacecraft
potental tends to overshoot and achieve a negative value. This led us to investigate the
behavior of the equatorial beam system after turn-off of the 0.160 ampere beam.

Figure 15 shows the behavior of the spacecraft potendal and the beam charge following
beam turn-off. Most of the beam charge is promptly collected, dropping the spacecraft
poiendal to 7,200 velts. Approximately 0.03 pcoul of charge remains in the field-aligned
column of scattered beam electrons, which decays with a time constant of 2.1 ysec. About
three-quarters of this depopulation rate results from electrons escaping the grid, and about
one-quarter from electrons recaptured by the spacecraft. (When the spacecraft is at elevated
potential, the escape rate must balance the Parker-Murphy collected current, leading to a
12 psec time constant for escape.)

If the spacecraft discharges by collecting the Parker-Murphy current, its potential will

follow the equation
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3. POSITIVE ORBITAL PROBE CALCULATION

This work appeared in the Quarterly Report for 1 January through 31 March
1991.
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3. POSITIVE ORBITAL PROBE CALCULATION

3.1 RATIONALE

We are accustomed to performing “"sheath” calculations of currents to spacecraft.
The “sheath” is defined as the region (or boundary of the region) from which the
repelled species is excluded. A commcn and apparently benign case for which
this entire concept makes no sense is an orbiting ionospheric probe biased at,
say, +10 volts. The repelled species (O+ ions) will penetrate the potential
structure to the 5-volt level. In order to understand the physics of this situation,
we attempted to use Gilbert to perform a full-PIC simulation of this situation.

3.2 CALCULATION DESCRIPTION

Calculation parameters were chosen so that (1) the problem is realistic; (2) the
zone size would not exceed a few Debye lengths; (3) the range of electron
energies would be fairly tolerable; and (4) time-stepping on the electron
timescale would eventually lead to correct ion motion. The calculation
parameters (along with several derived quantities) are shown in Table 3.1.

Table 3.1 Parameters for the positive orbital probe calculation.

Probe Radius 0.1m

Probe Potential 10V

S/C Velocity 7500 m/sec

Ram Energy (O+) 5eV

Magnetic Field None

Plasma Density 1011 m-3

Wpe 1.78 x 107

|Og10 Ope 7.25

Electron Temperature 0.1 eV 1eV
Debye Length 7.44 x 103 m 235x102m
Elec. Th. Curr. 8.46 x 104 A/m2  2.68 x 103 A/m?
L.-B. Radius 0.26 m 022m
L.-B. Current 0.72 mA 1.63 mA
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We have included derived parameters for 1 eV as weli as 0.1 eV electron
temperature because it can be argued that the boundary conditions had the
effect of raising the effective electrcn temperature. However, the calculated
electron current to the probe was 3.84 mA, which is more than double the probe

current in a stationary 1 eV plasma.

Figure 3.1 shows the axisymmetric computational gnd for the problem.
Conducter 1 represents the probe. Conductor 2 (0.5 m upstream of probe
center) emits electrons and ram ions. Conductor 3 (0.5 m radially from probe
center) and conductor 4 (0.3 m downstream from probe center) emit electrons
only. The potential at conductors 2, 3, and 4 are held fixed at 0 volts, while
conductor 1 is held fixed at +10 voits.

»

4744 -4-§-¢~4-4—¢~4- ~474=4-42"4~4~4=4~4-44"4-4-4"

$
98!

Centerline

111 L7
i1,

&J" DAWIBINI NI I DI DIV SN WAIABADADND NI DI WIS 2D

Y

b S S S S S S S S SF S S S S P o o & oF

Figure 3.1 Axisymmetric Computational grid for positive potential orbital
probe. Grid is 50 ¢m in radius and 80 cm in height.
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Even though boundaries 2 and 3 are well beyond the Langmuir-Blodgett sheath
distance. it was necessary to emit more than the plasma thermal current to avoid
a sharp potential rise at the boundary. The emission used followed the relation

J=233x106V3¥2/d2 + 212 < 105 ne V12

where n is the ambient ion density and V is the potential at the zone boundary
at distance d. This equation comes from treating a constant ion density as a
perturbation to the Child-Langmuir problem.

The calculation proceeded by first running tong enough for the ions to fill the
grid and establish an apparent steady state, then resetting the clock and
continuing to run and take data.

3.3 CALCULATION RESULTS

Figure 3.2 shows a snapshot of the 1on positions toward the end of the calculation.
The stagnation line is well-defined from about 30 to 90 degrees. Below 30
degrees, a high amplitude of electrostatic noise bilurs the stagnation line. Because
(as we shall see) the stagnation line is a potential maximum, it is blurred beyond
90 degrees because ion trajectories cannot stably follow the potential maximum.

Figure 3.2 lon macroparticle positions for nositive orbital probe.
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Figures 3.3 {a and b) show potential contcurs at two slightly ditferent times. The
potential maximum along the stagnation line {(which shows up clearly in
Gouraud-shaded potential plots) is seen as an extension of the +1 voit contour
toward an island of +1 volt potential at the upper nght. Part cf the stagnation line
is held below +1 volt due to the influence of the electron-rich wake region.
Figures 3.4 (a and b) plot potentials along radial ines at z=00andz2 =02
(relative to the probe center), showing more clearly the potential maximum at
the stagnation line, cccurning at r = 0.21 and r = 0.31 respeclively.

A
0.0 0.0+
b2 @® [
£ k=
2 3
S S
s S
o S o B T
A Plasma Flow - Plasma Flow
12 =
21} ;
< b
N N .
. . 0. .
00 R-Axis > 00 R-Axis 0.5
Marked Leveis Marked Levais
A -1.00 A 200
B 3.00 B 20¢
cC 700 C &0C0
D 1100 D 1000

(a) (b)

Figure 3.3 Potential contours around positive orbital probe for two slightly
different times. Spacecraft velocity is downward, or, alternatively,
plasma flow is upward.
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Figure 3.4 Potential plots along radial lines showing maximum at ion
stagnation line: (a) radially outward from probe, showing
maximum at 21 cm; (b) twenty cm downstream of probe center,
showing maxium at 30 cm.
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Both figures 3.3 (a and b) show regions of negative potentiai in the upstream
direction. These regions are formed on the axis and grow outward. The
timescale for this process is the electron plasma frequency. Figures 3.5 (a, b, ¢,
and d) show the time and frequency domain behavior of the potential at node
27 (3.3 cm upwind of the sphere surface) and at node 122 (15 ¢cm upwind of the
sphere surface). At node 27, the noise level is tremendous, with a clear peak at
the plasma frequency. Further from the sphere, at node 122, the amplitude of
the osciilations is much lower, and the irequency behavior much cleaner.

12
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Time

(@)

Figure 3.5 Potential fluctuations in time and frequency domain: (a) 3.3 cm
upstream, time domain; (b) 3.3 cm upstream, frequency domain;
{c) 15 cm upstream, time domain; (d) 15 cm upstream, frequency
domain.
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Potential at Node 122
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Potentia! at Node 122
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3.4 DOUBLE-LAYER MODEL

Noting that we have a nigh current 10 the sphere. we are motvated 10 the
following calculation. Suppaose we have (jor simphcily) a planar sheath wilh
ions penetrating tc the ievel €. Regarding the plasma as Deing a cold electron
source at the 0-potennal ievel how much electron current is reguired 1o make ¢
zero-to-five {i.e., r} voit region a stable double layer, and how thick s the layer?

The double layer has incident and reflected ion currents and transmitted
electron currents, so that Poisson's equation for the layer reqion s

€9 0" =po{ 2 [ele- 0T - W Ano)t )

where pg 1s the ambient plasma density imes the unit charge. and 9 (1o be
determined) is the temperature required of the plasma {or its one-sided thermal
current to equal the minimum current for a stable double layer. Multipiying both
sides by ¢’ enables us to integrate this equation once. {f we then apply the
boundary condition that o' =0 at 9o = 0 and at ¢ = ¢ we find that § = 16z¢ and

(0')2 = (2poieg) { Aele - )1 2 + (BoimiV e - 4e }

For a ram energy of 5 eV, a stable dcuble layer at the sheath requires the
electron thermal current of a 250 eV plasmall! Since the actual temperature 15
0.1 eV, we can only achieve such a current with a "convergence factor” of 50.
This explains why an extended sheath (or presheath) must exist for ram
electron collection. For the plasma density used above, we can also show that
the thickness of a stable double layer would have a lower bound of about 3 cm




4. TRANSIENT SHEATH DYNAMICS

This work appeared in the Interim Report (30 September 1990) for this
contract. It had previously been presented at a SPEAR-II review, and was

subsequently presented at the High Voltage Workshop, Port Hueneme, CA,
19-21 March, 1991.
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4. TRANSIENT SHEATH DYNAMICS

We have long suspected that SPEAR Il would not establish an equilibrium sheath
because of the long time required for ions to clear the sheath. The equilibrium
sheath radius for SPEAR Il is about two meters, while the most optimistic ion
speed estimate (100 keV ions) is 1 meter/usec. This observation motivated us 1o
study transient sheath dynamics using the 2-dimensional Gilbert code. These
results, with a videotape showing particle and sheath dynamics, were presented
at the SPEAR 1l review held at Chandler, Arizona, March 14, 1990.

4.1 PHYSICAL AND COMPUTATIONAL PARAMETERS
The parameters for this calculation are shown in Table 4.1.

Table 4.1 Parameters for transient sheath calculation.

Sphere radius 0.3m

Boundary radius 10m

Sphere potential 105 (1 - g1 5105
Plasma density 10" m?

Plasma temperature 0.1 ev

Oebye length 00743 m

ion species o+

fon thermal current 494 x 106 A-m?
Timestep 2.5 x 10-8 sec

The calculation was done for a 0.3-meter sphere in a 10-meter boundary.
Plasma conditions were appropriate to the SPEAR Il flight. The voltage risetime
was chesen to be appropriate to the 3 and 10 usec SPEAR 1l pulses. The
equilibrium (Langmuir-Blodgett) solution to this problem is a sheath radius of
15 meters and a current of 14 milliamperes.

The calculation was started with ion macroparticles representative of a uniform
charge density. Electrons were taken to be barometric for negative potentials
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and to increase linearly for positive potentials. No "charge stabilization” was
used. Because of the nonlinear charge density, several potential iterations
were needed for each 0.025 usec timestep during the early pars of the
calculation, during which the applied potential was rising rapidly. The ion
charge absorbed by the sphere was accumulated, allowing the current as a
function of time to be deduced. The sheath radius was determined by periodic
visual inspection of the potential plots.

4.2 RESULTS AND DISCUSSION

The results of the calculation (current and sheath radius vs. time) are shown in
table 4.2. The sheath expands rapidiy to four meters as the potential is applied,
then grows slowly due to erosion. The current peaks at about 15 usec at a

value 10 times the equilibrium current, and then drops slowly thereafter.

Table 4.2 Results of the transient sheath calculation.

Time Potential Current Sheath Radius

[usec] [(kV] (mA] [m]
0.5 -28 4 1.5
1.0 -49 8 4
1.5 -63 3 3.2
2.0 -74 18 35
2.5 -81 24 3.6
3.5 -90 35 3.7
45 -95 48 3.8
55 -97 60 4.0
7.5 -99 83 4.1
9.5 -100 100 4.2
11.5 -100 117 4.2
135 -100 130 4.2
15 -100 140 43
20 -100 135

25 -100 128

30 -100 110 4.7
%0 -100 14 15

The 4-meter sheath radius can be estimated by equating the charge in the
sheath to the Laplacian charge on the probe:
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Q ~ 4nR%3 Ne ~ dmegyrV

which gives a sheath radius of 3.7 meters. The current can be estimated as the
large sheath limit of the Langmuir-Blodgett cold cathode current between two
concentric spheres:

| = 0.8551 (4ngy) (32e/81m)12 V372 (1/R)32

which gives 95 mA for the parameters of this problem. As this is far greater than
the plasma thermal current to the sheath surface (1 mA), the sheath expands by
plasma erosion. Equating the current to the erosion rate gives an expansion
rate of about 3 cm/usec. Other scaling relations can also be defined. We
predict a time of about 0.01 seconds to expand to an equilibrium sheath.

4.3 DYNAPAC SIMULATION

To demonstrate the capability of performing a dynamic particle-tracking caiculation,
we used DynaPAC to calculate in three dimensions the Gilbert result for transient
current collection by a 1-foot radius sphere biased to -100 kV. The procedure was:

-t

Initial ions were placed in the grid to mimic a uniform density of 10! m3.

2.  The potential was initialized at a time appropriate to the sphere potential at
0.5 usec using barometric electrons.

3. A particle pushing timestep of 0.5 usec was taken.

4. The sphere potential was advanced 0.5 usec, and one major potential
iteration performed. The -100 V contour is taken as the "sheath" radius.

5. Returnto 3.

Figure 4.1 shows the initial potentials with -28 kV on the sphere. The diamond-
shaped zero contour is an artifact; contours are rounded down to the -10 V
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contour at 3.0 meters. Analytically, we estimate the sheath radius to be a bit
over 2.4 meters, which is the location of the -100 V contour.

Figure 4.2 shows a cut of the ion positions after the first 0.5 usec push. Note
that a uniform ion density requires a siightly nonuniform ion spacing.

Figure 4.3 shows the second set of potentials. The sphere 1s at -49 kV, and the
-10 V contour has moved to 3.5 meter radius. Figure 4.4 shows the second set
of ion positions, indicating visible ion movement at up to 1-meter radius.

Figure 4.5 shows the contours at 3.5 usec. The 10 V contour has now entered
the coarsest (2-meter resolution) grid. The corresponding ion positions are
shown in figure 4.6. Note how much less the ions from the corners of the fine
grid have moved than the ions from the nearest grid boundary. The sphere is
now beginning to collect ions from the 0.5 meter resolution grid.
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Figure 4.1 Potentials around sphere at 0.5 psec.
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Figures 4.7 through 4.10 show pctentials and particle positions at 9.5 and 15
usec. lons that originated just inside 3 meters are just entering the innermost
grid at 15 usec.
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Figure 4.7 Patentials around sphere at 9.5 usec.
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Table 4.1 shows the DynaPAC results in comparison with the Gilbert results.
DynaPAC shows a somewhat faster rise in current to a somewhat higher peak
value. Also, the sheath radius is somewhat smaller. This is consistent, as a
smaller sheath leads to higher electric fields. A possible reason for the
difference between Gilbert and DynaPAC is that the DynaPAC potentials were
not fully converged at each ttmestep. The total charge collected in the
DynaPAC calculation corresponds to the charge in a 2.75 meter radius
spherical region, which is consistent with the final particle positions (figure
4.10).




Table 4.3

Time Potentiail Current Sheath radius
(usec) (kV) (mA) (m)
Gllbert DynaPac Gilbert DynaPAC
0.5 -28 4 2 1.5 2.4
1.0 -49 8 5.4 2.4 2.8
1.5 -63 13 15.4 3.2 3.2
2.0 -74 18 23.3 35 3.3
25 -81 24 31.8 3.6 34
3.0 -86 40.9
35 -90 35 446 37 35
4.0 -93 71.3
4.5 -85 48 87.3 3.8 3.6
5.0 -96 388
55 -97 60 30.7 40 3.7
6.0 -88 98 1
6.5 -99 96.6
7.0 -39 108.1
7.5 -99 83 96.1 4.1 3.8
8.0 -100 133.7
8.5 -100 122.7
9.0 -100 72.1
g5 -100 100 152.2 4.2 3.9
10.0 -100 148.2
10.5 -100 132.2
11.0 -100 96.1
11.6 -100 117 156.2 4.2 4.0
12.0 -100 136.2
12.5 -100 126.2
13.0 -100 138.2
13.5 -100 130 120.2 4.2 4.1
14.0 -100 156.2
145 -100 184.2
15.0 -100 140 68.1 4.3 4.2
20.0 -100 135
25.0 -100 128
30.0 -100 110 4.7
Int -100 14 15

*  the sheath begins 1o move to grid 1, a lower resolution grid.
** taking sheath contour in grid 2.

47




5. APPLICATION TO SPEAR-II

This work appeared in the Interim Report (30 September 1990) for this
contract. The predictions were presented immediately prior to the SPEAR-II

chamber tests.
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5. APPLICATION TO SPEAR li

During SPEAR 1l development, the NASCAP/LEQ code was used to calculate
the equilibrium sheath structure and currents to the payload. The equilibrium
sheath was relatively large, and currents were focussed on the high-voltage
probe. It was not anticipated that the currents calculated by the equilibrium
code would have any noticeable effect.

Later, a "frozen ion” approximation was put into NASCAP/LEQ. This showed
that the transient sheath would be far cmaller than the equilibrium sheath.
However, it was not known what the implication of this would be for the currents
to the payload.

Calculations summarized in the previous section indicated that transient
currents could exceed equilibrium currents by an order of magnitude. Prior to
the ground test, the sphere results were scaled to SPEAR I, using the sheath
size calculated with the "frozen ion” approximation. These scaled resuits i
suggested that the current to the high-voltage probe would be sufficient to

disturb the probe reading. The ground test results clearly indicated that the

high-voltage probe, which functioned well in vacuum, was unable to measure

the transformer secondary voltage in the presence of the laboratory plasma.

DynaPAC calculations currently under way give the time-dependent incident

ion currents to the various payload components.

5.4 SCALING SPHERE RESULTS TO SPEAR i

(These results were presented at Plum Brook on June 17, 1990.)

Table 5.1 shows scaling of the transient sheath resuits to predict peak current
collected by the SPEAR Il high-voltage probe. The SPEAR Il equilibrium and

transient sheath radii were inferred from calculations using the static plasma
interactions code NASCAP/LEO with the default and "frozen ion" space-charge
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uronulatuns  ne SPEAR I currents were estimatec frem the cbservatieon that
he peak cu'rent occurred at twice the "transit tme” and ~acd a value of cne-
‘curth the saeath charge. The results suggest that in the lancralory the prone
will collect C.1 amperes of incident ion current. The total plasma current 1o the
urobe wil D2 about one ampere due to secondary electron emission. Since the
reminal circ.it current through the probe :s 0.1 ampere. this wiil cause the
probe recding to be in error.

Table 5.1 Estimated peak currents to the SPEAR Il hi¢ “-vonage probe

. v o
"

Sphere Flight Lab
Density 1x10" 1. 10" 1 .10
Equitibrium sheath radius 15m 23m t8m
Equilibrium current G014 A 23016 A SO0 A
Transient sheath radius am 13m 10m
Transit time (2R mR/eV) ? 75 usec 2 4 usec 1 6 usec
Sheath charge 4.3 ucoul 0 15 ucoul C 7 ucoul
Q4 014 A 0015 A 1A

5.2 PLUM BROOK RESULTS

The SPEAR Il ground test at Pium Brook demonstrated that the high-voltage
components could be conditioned and operated both in vacuum and with
plasma present. The plasma density was about 10'2 m3, under which condition
we predicted that the high-voitage probe would collect about an ampere of
plasma current (assuming a secondary electron yieid of about 10) and that its
reading would be perturbed.

Figures 5.1 and 5.2 show the circuit diagnostics, without and with plasma. for
ciean 80 kV, 50 usec pulses. it can be seen that all diagnostics are the same
except for the curve labeled "transformer secondary current,” which is actuaily
(proportional to) the current flowing through the low-voltage portion of the
probe. The plasma causes the probe current to drop to about a quarter of its
vacuum value, recovering somewhat toward the end of the pulse.

The probe consists of ten 0 1 MQ resistors in series. #f -100 kV s applied to the
negative end, and piasa current | 1s injected into the node one resistor away
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from the negative end, the current through the remainder of the probe is 0.1(1-1)
amperes. Thus an injected plasma current of a sensible fraction of an ampere
will cause the orobe reading to be very low, as is seen in ine experimental
results. Had the plasma density been an order of magnitude less, as might
have been expected in flight. the probe reading would have been less severely
affected, perhaps dropping on the order of 2C percent.
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6. CALCULATION OF CURRENTS TO SPEAR 11

This work appeared in the Quarterly Report for 1 October through 31
December 1990. It was subsequently presented at the High Voltage Workshop,
Port Hueneme, CA, 19-21 March, 1991.

Note that these calculations proceeded at a rate of one one-microsecond
timestep per day on a Sun Microsystems SPARCStation 1. Subsequent
DynaPAC recoding led to at least a factor of three speed increase, and transfer
to an SGI Iris Indigo to another factor of three. Were we to repeat the
calculation, we should be able to do several timesteps per day.
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6. CALCULATION OF CURRENTS TO SPEAR |l

DynaPAC was successfully used to calculate time-dependent currents to the
SPEAR Il high-voltage components under ground test conditions. The plasma
was specified as an Art plasma of density 10'2 m3. The pulse shape, intended
to represent a SPEAR [i 50 psec pulse, was given by

V(t) = -1.26 x 105 [1 - exp(-V/3 x 106)) exp(-t/50 x 10-5)
This voltage function has a peak of -100 kV at about 9 microseconds.

The calculation was carried out in timesteps of one microsecond, with each
timestep consisting of a particle pushing operation followed by a potential
solution. On a SPARCstation 1, the calculation proceeded at a rate of about one
timestep per day, with about 20 percent of the time devoted to particle pushing
and 80 percent to potential solving.

Figure 6.1 shows the ion current incident on the various components. The
klystrode battery-pack and the transformer (which are electrostatically well-
shielded by struts and bulkheads) have peak currents of about 12 milliamperes,
each occurring about 6 micrgseconds intc the pulse. The current to the high-
voltage probe (which influences a larger volume of plasma) rises to a peak
exceeding 30 milliamperes at about 12 microseconds. The total current {which
includes current to the high-voltage leads) peaks around 55 milliamperes at
about 8 microseconds. All currents fall off siowly after reaching their peak
values. For comparison, an equilibrium caiculation for these conditions gives a
total payload current of about 6 milliamperes.

Figure 6.2 shows the sheath distance as a function of time. We define the sheath
distance to be the distance from the high-voltage end of the probe to the -100

volt contour. During the first 5 microseconds, as the potential is applied, the
sheath grows rapidly to its “frozen ion” value of 1.3 meters. During the
remainder of the calculation it grows at a slow, constant rate of about 4




centimeters per microsecond. This growth by erosion takes piace even though
the potential is decreasing slightly during this time.

Figure 6.3 and 6.4 show the potential contours and particle postions at 3
microseconds. This is past the peak currents to the klystrode battery and the
transformer, and it can be seen that their confined regions have been depleted
of ions. lons can be seen moving toward the high-voltage probe.

Figure 6.5 and 6.6 show the potential contours and particle position at 9
microseconds. Complex flow patterns are set up as ions travel to the probe from
the neighborhood of grounded surfaces such as the top bulkhead, the doors,
and the plasma accelerator.

Figure 6.7 and 6.8 show the potential contours and particie postions at 21
microseconds. Most of the current to the probe now consists of particles
originating a meter or more from the probe in grid number 2. However, a large
number of macroparticies originating in the subdivided regions near the object
are still alive. lons criginating in the low-field region at the lower-left corner of
grid number 3 remain unmoved.
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Figure 6.3  Potential contours about SPEAR Ii 3 usec from the beginning of

the pulse.
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Time step # 3 Tota! tracking time= 3.00E-06 sec.
Particles within 5.800 <= Z <= 6.000
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Figure 6.5 Potential contours about SPEAR Il 9 usec from the beginning of

the pulse.
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Figure 6.6 Ion macroparticle positions at 9 psec.
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Figure 6.7  Potential contours about SPEAR Il 21 psec from the beginning of
the pulse.
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7. SPEAR-II PRODUCTS REPORT

This chapter is the Spring 1992 revision of 5-Cubed’s contribution to the
SPEAR-II Products Report. The final extensive rewriting was pertormed
under contract F19628-91- C-0187, entitled “Space System-Environment
Interactions Investigation.” The work was also supported by contract
DNAO001-87-C-0091, entitled “Enhancing Surface Breakdown Strength
Components in Space.”

An earlier version of this report appeared in the Quarterly Report for 1
January through 31 March 1991.




DEVELOPMENT AND APPLICATION OF PLASMA INTERACTION MODELS
FOR REALISTIC HIGH POWER SPACECRAFT

introduction

Recognizing that an understanding of the ambient plasma interactions with high voltage, pulsed
power systems was essential to extending the SPEAR technology to other systems and
environments, two existing S-Cubed plasma simulation codes, NASCAP/LEQ and Gilbert, were
challenged to make SPEAR predictions. Since neither of these codes could perform simutations
which were both dynamic and fully three-dimensional, the SPEAR program contributed to the
development of the DynaPAC (Dynamic Plasma Analysis Code) code'’

NASCAP/LEO is a three-dimensional computer code developed by the NASA/Lewis Research
Center? for the study of high-voltage plasma interactions and the design of high voltage systems
in LEO. it has been successfully applied *» numerous laboratory and spaceflight experiments.™*
NASCAP/LEO was successfully used to predict plasma currents and floating potentials for SPEAR
I, whose geometry, while truly three-dimensional, was relatively simple. The SPEAR If mock-up
and chamber tests showed, for the first time, that NASCAP/LEQ could predict sheath plasma
currents for a complicated geometry.

Gilbert is a general-purpose, two-dimensional, plasma and electrostatic analysis code developed
internally by S-Cubed. The Gilbert calculations performed for the SPEAR Il program provided
important quantitative assessments of the validity of space plasma simulations using laboratory
chambers. Experiments showed that the computational techniques used in Gilbert were accurate
enough to be used in the design of independent components for space-based power systems.
Pending development of a 3-D dynamic code, transient-to-equilibrium current scaling relations
developed using Gilbert were coupled with NASCAP/LEQ sheath calculations in the "equilibrium”
and “frozen-ion” approximations to make successtul pretest estimates of enhanced transient
currents to the SPEAR-II payload.

DynaPAC is a fully three-dimensional, dynamic plasma interaction code, which includes, through
models developed and validated as a part of the SPEAR program, much of the knowledge of
plasma physics and system/plasma interactions gained during the SPEAR program. The code
aliows the SPEAR | and Il laboratory data to be extended to orbital plasma conditions tor systems
using different geometries.

Applications

NASCAP/LEC models high voltage/plasma interactions in three dimensions and is CAD/CAM
compatible. NASCAP/LEQO will be released domestically by NASA/Lewis Research Center in the
near tuture. When released, the code will assist researchers in the study of high voltage

spacecraft/plasma interactions and spacecraft designers in the design of high voltage spacecraft

65




operating in LEQ.

Gilbert is a two-dimensional computer code for the modeling of static and dynamic high
voltage/plasma interactions. The code assists researchers in the study of high voitage
spacecraft/plasma interactions and spacecraft designers in the design of high voltage spacecraft
for use in LEQ. Under the SPEAR program, the code was applied to (1) simulations of high
voltage breakdown experiments performed a! Maxwell Laboratories, Inc., (2) modeling of the
time-dependent currents to the SPEAR Il payload measured in a smalt space simulation chamber,
and (3) modeling of the sheath expansion around and the transient currents to a high voltage
sphere.

DynaPAC allows plasma interaction specialists to perform realistic analyses with direct application
to engineering problems. its current capability is illustrated by its application to SPEAR . In the
immediate future, DynaPAC will be used primarily as a development workbench for aigorithms
and approximations appropriate to different regimes of spacecratt/plasma interactions. Eventuatly,
a version of DynaPAC, containing a selection of validated and documented ptasma formulations,
will be released for engineering use.

In addition to SPEAR II, many other space experiments and space power system analyses
require a three-dimensional, dynamic treatment. Some examples are 1) spacecraft charging by
an electron beam at an arbitrary angle to the earth’'s magnetic field, 2) neutral particie beam
charging, 3) beam plasma interactions, 4) beam/surface interactions, 5) ionization instabilities
within electron sheaths, and 5) ionization breakdown within ion sheaths including cathode surface
eftects, to name just a few.

Prior State-of-the-Art

The SPEAR-! laboratory and fiight experiments, along with three-dimensional computer modeling.
demonstrated the capability to predict steady state interactions between geometrically simple high
voltage spacecraft and the space plasma. However, (1) the ability to make calculaticns for
spacecraft which are truly geometrically complex had not been demonstrated, and (2) the
time-dependent response of the space plasma to the high fields and voltages associated with
pulsed power systems such as SPEAR |1, and the associated dynamic spacecraft charging, had
not been fully investigated. Processes not adequately modeled include formation of the space
charge sheath, current flow in the quasi-neutral pre-sheath, breakdown phenomena, piasma
kinetics, ionization processes, and the effect of dynamic processes on spacecraft charging.

These inadequacies became apparent in trying to make plasma interaction predictions for the
SPEAR (i high voltage system. Equilibrium sheath calculations (e.g., using NASCAP/LEQ) gave
very different results from sheath calculations using short time approximations. The plasma
currents to the high voltage components could therefore not be caiculated with confidence.
Existing Particle In Cell (PIC) codes had neither the generalized geometry necessary for realistic
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systems nor the sophisticated algorithms required tc make simulations of the SPEAR Il payload
possible in a reasonable amount of computer time. Two dimensional dynamic codes, such as
Gilbert, could give only a hint of the detailed information needed for the design of complex
three-dimensional systems.

innovative Concepts

NASCAP/LEQ is the first code to combine plasma sheath physics with fully CAD/CAM compatible,
three-dimensional geometry. Thus, it was the first code with the ability to model a payload with
the geometrical complexity of SPEAR .

A "frozen ion" capability was developed and incorporated into NASCAP/LEQ in order to provide
estimates of very early time plasma sheath currents. In the frozen ion approximation, the time
scales are assumed to be short enough that inertia prevents the ions from moving under the
influence of the fields. This was a stop-gap method for calculating time-dependent currents to the
SPEAR |l payload prior to the development of the DynaPAC code.

The Gilbert code uses grids created with commercial finite element programs (such as PATRAN
% This gives the ability to use grids with variable resolution in order to model processes in
detail, where needed, while still modeling extended range interactions. Higher-order finite
elements with continuous electric fields and a third-order particle tracking algorithm are used in
order to obtain the accuracy needed for time-dependent calcuiations. The code allows choosing
the appropriate piasma description for the problem under consideration. Models based on particle
tracking, analytic formutas, and hybrid methods are available. The code is written with advanced
programming and numerical techniques to take advantage of modern computaticnal capabilities
and to promote ease of use, ease of modification, and data interchange with other codes.

In order to model SPEAR laboratory experiments (described later in this chapter) an internal
boundary condition to mimic the presence of a grid (made of ordinary window screen) was
developed and incorporated into Gilbert. It was shown that the mean potential of the screen was
related to the electric field discontinuity across the screen.

The data from space simulation chamber tests of the SPEAR Il payload revealed the importance
of transient plasma phenomena to high voltage power systems. DynaPAC, the first
three-dimensional, dynamic, plasma interaction code which resolves the complex geometry of
realistic systems, was developed as a part of the SPEAR Il program. This code was written with
advanced programming and numerical technigues to take advantage of modern computationat
capabilities and to promote ease of use, ease of modification, and data interchange with other
codes. A screen-handler utility provides for interactive input file generation. DynaPAC’s DataBase
Manager is a programmer-friendly way of allocating, storing, and retrieving large blocks of
gridded or otherwise structured data. DynaPAC pioneers the use of higher order elements which
produce strictly continuous electric fields and potentials. Arbitrarily nested grids accommodate
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simulations of complex systems with extended-range plasma interactions. Graphical display is
available using a variety of graphics interfaces, including the X-Windows protocol, which allows
display from a remote host.

Description of the NASCAP/LEO Steady State Plasma Sheath Code

NASCAP/LEO™*is a three-dimensional, finite-element code based on a cubic grid structure. For
NASCAP/LEQ, a spacecraft is defined as a boundary surface element representation using any
standard finite element preprocessor. NASCAP/LEO places the spacecraft within a cubical grid
structure, and geometrical descriptions and coupling matrices are constructed for cubic zones
containing the object surfaces. Local subdivision of the basic grid is used to resolve critical
regions, and nested outer grids are used to include a large volume of space.

NASCAP/LEO was used to calculate the plasma current distributions to the SPEAR I payload.
Such calculations are based on the concept that a high voltage object in a dense plasma forms
a sheath within which the plasma is highly disturbed, and outside of which the plasma is
quiescent. All of the computer codes described in this chapter solve Poisson’s equation

~egWd=p (10-1)

in various ways, where ¢ is the potential, g, is the permittivity of free space, and p is the space
charge density. In order to achieve short computational times, NASCAP/LEQ does not use
particle trajectory information to calculate the space charge density appearing in Eq. (10-1).
Instead, a nonlinear analytic expression for the charge density as a function of the local potential
and electric field, based upon a spherical sheath, is used:

pleg=-(O/A5)(1+ |6/8|C(O.EN(T +(4)2]4/6|¥?)
C(,E) = |8/¢ [{(Ry/r)?- 1] (10-2)
(R,Jr)?=2.29|EA/8 ' 226/ %

p = space charge [coul-m”’)

£, = 8.854x107? [farad-m™]

Ao = plasma Debye length {m}

8 = plasma temperature {eV]

¢ = local space potential [voits]

E = local space electric field [volts-m™']

The sheath structure is usually spherical where the charge density most greatly infiuences the
potential, so Eq. (10-2) is a good approximation for the LEO environment.

Using Eq. (10-2) for the space charge within the sheath region, together with the appropriate
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boundary conditions at surfaces, NASCAP/LEO solves Eq. (10-1) to determine the electrostatic
potential about a spacecraft having a highly complex geometry. Knowing the potential field, the
sheath boundary can then be identified, and plasma ions and electrons crossing the sheath
boundary can be tracked to determine the current distribution on the spacecrafl.

Description of the Glibert 2-D Dynamic Plasma Code

Gilbert is a two-dimensional (R-Z or X-Y) finite element computer code. It solves Poisson’s
equation (Eq. 10-1) and performs particle generation, {racking, and deposition on a grid whose
elements may be linear triangles, bilinear quadrilaterals, and/or biquadratic quadrilaterals. A
commercial finite-element preprocessor (such as PATRAN % is used to generate the grid.
Sequences of nodes can be specified for use in assigning electrostatic boundary conditions or
as current sources. Elements can be specified as empty-space or dielectric filled (with optional
conductivity).

The code is highly modular and flexible. Preprocessors are used to interpret the finite element
grid input and to generate initial particle distributions. The main analysis routine solves problems
either by time-stepping or by iteration on a nonlinear problem. Postprocessors display potential
contour plots, particle scatter plots, time history plots, and generate and display particle
trajectories.

Description of the DynaPAC Three-Dimensional Dynamic Plasma Code

DynaPAC (Dynamic Plasma Analysis Code) is designed to perform static or dynamic plasma
caiculations for geometrically complex problems. It is written to take advantage of modern
techniques for input generation, problem solution, and visualization. The core modules of
DynaPAC allow the user to:

(1) Define the spacecraft geometry and the structure of the computational space,

(2 Solve the electrostatic potential about the spacecraft, with flexible boundary
conditions on the spacecraft surfaces and a space charge computed either fully
by particles, fully analytically, or in a hybrid manner, and

(3) Generate, track, and otherwise process representative macroparticles of various
species in the computational space.

The core modules are designed to have the maximum practical user control and to facilitate the
incorporation of new or modified algorithms. Preprocessors are provided to set boundary
conditions and generate input files in a modern, screen-oriented way. Similarly, screen-oriented
postprocessors are provided for graphical and textual data display.
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Spacecraft geometrical definitions are done using standard finite element preprocessors, such as
PATRAN "% Among the advantages of this approach are that the geometry can be realistically
represented, and that finite element models of a spacecraft, constructed for other purposes, can
be adapted for plasma calculations. The computational space around the spacecraft is
constructed interactively using the GridTool module. Arbitrarily nested subdivision allows
resolution of important object features while inciuding a large amount of space around the
spacecraft, A high-order, finite element representation for the electrostatic potential assures that
electric fields are strictly continuous throughout space. The electrostatic potential solver uses a
conjugate gradient technique to solve tor the potentiais and fields on the spacecratt surfaces and
throughout the surrounding space. Space charge options presently incorporated include Laplacian
(appropriate in the absence of plasma), equilibrium sheath (appropriate 10 timescales of
milliseconds or longer), "frozen ions” (appropriate to the submicrosecond stage of a negative
transient puise}, "mobile ions - barometric electrons” (appropriate to the SPEAR i case of several
microsecond time scale response to a negative pulse), and "full PIC" (appropriate to nanosecond
timescales).

Particle tracking is used to study sheath currents, to study particle trajectories, or to generate
space charge evolution for dynamic calculations. Macroparticles can be generated at either a
"sheath boundary" or throughout alt space. Particles are tracked for a specified amount of time,
with the time step automatically subdivided at each step of each particle to maintain accuracy.
The current to each surface cell of the spacecratt is recorded for further processing.

The strength of DynaPAC lies in the wide range of length scales, time scales, and physical
phenomena it can handle. Arbitrarily nested subdivision allows the modeling of small geometrical
teatures within large scale problems (e.g., features a few centimeters in size in sheaths several
meters in dimension). By suitable choice of algorithms, a user can mode! equilibrium problems,
problems dynamic on an ion timescale (microseconds), or problems dynamic on an eiectron
tmescale (nanoseconds). Trajectories are calculated taking account of user-specitied magnetic
fields, and it is planned to introduce a procedure to obtain potential and space charge fieids
consistent with magnetic eftects.

Glibert Application to High Voltage Breakdown Experiments

The SPEAR program supported a series of experiments at Maxwell Laboratonies, Inc., o study
systematicaily the infiuence of a background plasma in promoting the breakdown of representative
high voltage fixtures’" Figure 10-1 shows a typical test fixture, consisting of a 1 cm diameter
glectrode protruding trom a 3 cm diameter insulator, which was embedded in a 7 cm diameter
ground piate. In vacuum, this fixture would hold oft a few kilovolts indetinitely with the center
electrode at a negative potential, but in a plasma the insulator surface would fiash over in a shorn
time.
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Figure10-1. Typical axisymmetric test fixture for high voltage breakdown experiments. Two
alternative discharge-mitigation screens are shown. The heavy solid line indicates
the fixture outline as seen in Figures 10-2 through 10-4.
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collected on the dielectric surface, we would expect the hold-off time o be inversely e
10 the plasma current. Supposing this to be the case, a hemisphere of ordinary alumnum ey
screen was mounted on the fixture in order to reduce the total ion current coflecten Tainulans .
showed that the screen would reduce the ion current by approximately a facior of ine
Experimentally, the screen was found to increase the holdoff time trom 30 ms w0 30s ar .25 «
and from 15 ms to 5 s at -5.0 kV in a background plasma density of 4x10° ¢m®. Tris incicase .
the holdoft time was too great to be explained solely in terms of the total plasma current 1o 1w
fixture.

Calculations of the plasma ion trajectories, performed with the Gilbert code, were used 1o atie.
to understand this phenomenon. Figure 10-2 shows the trajectories of ions impinging ¢cn e
original fixture (without the screen). It is apparent that ions impact the entire surteca ¢f the fistu ¢
including the sensitive “triple point" area where the insulator contacts the high voltage eiectreoc,

In order to study the ion trajectories in the presence of the screen, it was necessary 1c gere o
an internal boundary condition that would mimic the presence of the screen. It was found that 1ne
mean potential of the screen was related to the electric field discontinuity across the scrze
Figure 10-3 shows the ion trajectories with the "normal” screen present. The fon current =
focused onto the top of the center electrode, with no calculable ion current to the triple poirs
Thus, the effect of the screen was to steer plasma ions away from the triple point, in addticn -
reducing the total 1on current to the fixture.

in order to confirm this tinding, a further calculation was performed which showed taa: if t
screen was configured horizontally at its attachment point, then there would be calculabie current
to the triple point (Figure 10-4). The fixture with the horizontal screen broke down in 40 rs wiin
an appiied voltage of -15 kV and a plasma density of 8x10° cm®, compared with 750 ms for the
normal screen. Additional caiculations and experiments, involving larger hixturcs angt vano.o
screen shapes, showed good correlation between rapid breakdown and the calcuiated 1on currem
to the triple point. (See Table10-1.) These studies also illustrated that trying 10 improve
breardown characteristics by the obvious step of enlarging the insulator may, i fact. promon
oreakdown by reducing the electrostatic-inertial insulation of the triple point. These resuits shio..
the utidy of accurate two-dimensional potential and trajectory calcuiahons i deswgning
ansymmaetne hugh voltage fixtures for maximum holdoff time.

Gilibert Small Chamber Model for SPEAR Il

The SPEAR Il payload was first tested with a background plasma in a small vacuum chamber 3t
Maxwell Laboratories, Inc. It was observed that the 10 pus puises were more likely 10 cause
breakdown than the 3 or 50 ps pulses. This finding motivated a computer simulation using Gilbe:
ot the plasma interactions in the smali chamber to determine if plasma dynamic effects might e
responsibie tor this phenomena.
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Figure10-2.  lon trajectories to the test fixture without the screen, indicating substantiai current
to the triple point. (Refer to Figure 10-1 to relate the fixture outiine to the actual
fixture.)
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Figure 10-4. lon trajectories to the test fixture with the horizontally configured screen, showing
ions incident on the insulator near the triple point. (Refer to figure 10-1 to relate
the fixture outline to the actual fixture.)




Table 10-1. Holdolf time for various insulator widths and screen shapes o
insutator Width Applied Vottage Time to Breakdown | Trajeciories 1o Triple Foint
1.0 cm (n) -15 kV 750 ms No
1.0 cm (h) -15 kV 40 ms Yes
1.0 cm (n) -50 kV 20 ms No
2.0 cm (n) -50 kV 70 ms No
45 cm () -50 kV 7 ms Yes
45 cm (s) -50 kV 3ms Yes _

Time to breakdown for fixtures with differing insulator widths. The plasma density was
8x10° ¢cm™. The screen shapes are (n) normal screen {Figure 10-1), (h) horizontal screen
(Figure 10-1), () "long" screen (not shown), and (s) “short" screen (not shown).

Figure 10-5 shows an artist’s concept of the two-dimensional axisymmetric reprasentation of e
payload used in the calculation. A grid was constructed to represent the space between the moce!
and chamber walls and ion macroparticies werz placed in the grid to represent ar. initial unifcrm
Ar plasma with a density of 1x10° cm™. The applied voltage on the model was increased with
risetime appropriate to the puise width under study, and the ions were allowed to move in e
resuiting fields. Figure 10-6 shows the ion macroparticle positions 4 us into the pulse. The icns
are seen to be focused on the high voltage end ot the voltage divider, precursive to the resuiic
later obtained in three dimensions with DynaPAC. By this time, about half the plasma ions (whic!
initially filled the chamber with a nearly uniform dot pattern) are gone. The chamber will be aimos!
completely drained of plasma ions within about 10 us. (The piasma source is not able to replenish
the piasma on so short a timescale.)

Figure 10-7 shows the calculated current to the payload for two cases: (1) a risetime of 1.5 15
(characterizing the 3 us and 10 us SPEAR Il high voltage pulses) and (2) a risetime of 3 us
(characterizing the 50 us high voltage pulse). The peak current occurrec at about 3 ps into the
pulse for both cases, but is noticeabiy higher for the 1.5 us risetime pulse. There is no current
beyond 10 us, as the chamber is drained of plasma. The suggested interpretation is that:

(1) The 3 us pulse does not lead to breakdown because the pulse is over when th.
current peak occurs.

(2) The 10 us pulse is more likely to cause breakdewn than the 30 ps puise cuc 12
the higher peak incident ion current,

(3) Extending the pulse beyond 10 ps does not tead 1o breakdown because there s
no further ion current to the payload.

The overall conclusion from these calculations is that a small chamber may produce resuiis
unrepresentative of the behavior of a system in a very large chamber or in the ionosphere.
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.‘ 0-50-0 kv ground ground
Figure 10-5. Artist's representation of the axisymmetric moael of SPEAR li used in the two

dimensional plasma dynamic studies. The labeis indicate the peak potentials
applied to each component: -100 kV on the probe lead, a linear gradient on the
high voitage probe from -100 kV at the probe lead to 0 at the front plate, and on
the klystrode section (representing a cavity partially enciosed by severa! struts)
linear gradients from 0 at either end to -50 kV at the center.
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Figure 10-6. Gilbert-calculated ion macroparticle positions 4 ps into a SPEAR « high voitage

puise.
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Figure 10-7.  The calculated ion currents to the axisymmetric model for 1.5 and 3 ps rise time
pulses (see text for explanation).




SPEAR 1l Geometrical Model for NASCAP/LEO and DynaPAC

Figure 10-8 shows the geometrical model of the SPEAR Il payload uscd for e HASCAR L+t
and DynaPAC calculations. {The identical model was used for the SPEAR I motk-up;
geometry was based on the EUCLID {an engineenng arafting and modei«ng product “Fp mo
constructed by Westinghouse and was converted 1o @ PATRAN (C Winde glement moduin:
code''”) model using IGES (initial Graphics Exchange Specitication protoco:”’) ties as
intermediate transfer mechanism. The PATRAN "Neutral File" (specitying node locations o2
surface element connectivities, material numbers, and conductor numbers) is read by the obiu!
definition intertace module of either code, which places the object in the gnd system and paricn
other appropriate preprocessing.

Figure 10-9 shows the DynaPAC gnd for SPEAR 11, ilustrating the arbitrarily nested subav L s
capability. The grid spacing ranges from 1 meter {outermost grid, not shownj to 3 ¢m i U
payload interior. The NASCAP/LEQ grid had a basic mesh size of 16 cm, with subgiviged rezicr
down 1o 4 cm, and surrounding outer gnids up 1o 64 cm.

NASCAP/LEO Calculations for SPEAR |l

Prior to the development of DynaPAC, NASCAP/LEQC was the only piasma interacton ou
capable of predicting sheath currents and potentials for a payload with the geometned Compit

of SPEAR Il. It was recognized that the "equilibnum” plasma treatment used in BASCAPALEQ ».z
not appropriate to the SPEAR I high voltage pulse lengths. Nonetheless, predictions made us "7
an equilibrium code were better than no predictions at all. Figure 10-10 shows the NASCTAR &0
calculated equilibrium sheath contours for SPEAR I

As part of the SPSAR program, a "frozen ion” approximation was added to NASCAP LED int .
“frozen ion” approximation, it i1s assumed that electrons instantaneousiy attain ar cQuiinna
distribution, but ions do not move. The space charge function, eq. (10-2). s thus replaced by

"

9/50 0 ¢..0
pleg = (8131 e¥] b<0

This approximation (appropriate up to about 1 ps for SPEAR Il parameters) provided a mearns
for calculating sheath sizes during the short SPEAR 1 high voltage pulses. (See Figure 10-7 1
However, it did not provide any straightforward means of calculating the transien! currents o e
payload or the time dependence of the currents and sheath structure.

The first question to be addressed using NASCAP/LEO was the fioating potential of the payiiad
dunng high voltage operation. it was not suthcient simply to assume that the floatng potent .
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Figure 10-8.  Geometrical model of the SPEAR || payload used in the NASCAP/LEO and

DynaPAC calculations.
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Figure 10-10. NASCAP/LEOQ calculated equilibrium sheath ("H" contour) about SPEAR Il under
laboratory conditions (1x10%cm™; 1 eV). Space charge densities are calculated
using formuias appropriate to a steady-state plasma sheath (e.g., Langmuir-
Biodgett). The shaded area represents the projection of the payload on the
contour plans, and equipoential lines with 10 kV spacings appear near the
payload. The contour at -100 volts (marked "H") is considered the sheath contour
because the potential should drop to zero within 0.3 meters of the -100 volt
equipotential surface. Also shown are contour lines at -10 volts {marked "7") and
at zero volts (marked "0"). The payload ground surface is at +100 volts. The
horizontal and vertical axes are marked in units of 16.3 cm.
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NASCAP/LEO calculated "frozen ion" sheath ("H" contour) about SPEAR 1} uncier
laboratory conditions. Space charge densities are calculated assuming that o
motion is negligible (appropriate to times up to a few microseconds). Otherwise,
the description of Figure 10-10 applies. Note that the transient sheath is tar
smaller than the equilibrium sheath, leading to considerably elevated currents in
the transient regime.




calculating the electron and ion currents to the payload for several assumed values of tioating
potential, NASCAP/LEQ predicted that the equilibrium floating potential would be less than 150 V.
This prediction was confirmed insofar as the SPEAR 1l mockup instrumentation was unable to
show any evidence of a positive steady state floating potential.

The code was next used to study the current distribution to the various components of the SPEAR
Il payload. For the mockup test under positive bias, NASCAP/LEQ predicted a total current of
-1.2 amperes for a plasma of density 1x10° cm” and temperature 1 eV. The distribution of this
current to the SPEAR i components is shown in Table 10-2.

Table 10-2. Currents to SPEAR if Components
SPEAR It Component Calculated Current
100 kv portion of probe 500 ma
75 kv portion of probe 410 ma
Klystrode battery canister 87 ma
50 kV pontion of probe 75 ma
Various grounded surlaces 59 ma
High voltage lead 49 ma
Transformer secondary 34 ma
25 kV portion of probe S ma
Klystrode bushing 0.2 ma

NASCAP/LEO calculation of currents to components of the SPEAR 1
mockup under positive bias conditicns.

The NASCAP/LEQ calculations predicted that nearly all of the current would be incident to the
high potential end of the high voltage probe. This prediction was qualitatively contirmed by visual
observations during the mockup test of a strong optical glow from the eiectron bombarded region.
However, the question of how dynamic effects would modify this current distribution in the
negative bias case remained open.

Transient Current Estimates Using Gilbert and NASCAP/LEO

It was recogrized that equilibrium current calculations for the SPEAR i payload could not be
trusted for the short puise durations. Without a three-dimensional modeling capability it was not
known to what degree the transient current would differ from the equilibrium current, or how much
time was required to achieve the equilibrium configuration. To shed some light on these topics.
a two-step strategy was used. First, the Gilbert code was used to calculate the time-dependent
current to a sphere with parameters similar to the SPEAR Il system. From the results, scaling
relations were developed relating the "frozen ion” sheath size to the peak transient current.
Second, NASCAP/LEQ was run to calculate the size of the "frozen ion" and equilibrium sheaths

about the high voftage probe, and the scaling relations were applied to determine the peak
transient current.
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The sample problem consisted of a 0.3 m radius sphere in an O plasma with & densty of 17
cm?. The potential was raised to -100 kV with a 1.5 ys risetime. Using spherical probe HETENIO
the equitibrium sheath around the sphere was calculated to have a radius of 15 m, andg tie
steady-state ion current to the sphere was 14 mA.

The Gilbert calculation was run for 30 us. It was tound that the transient sheatn expands rag«i
to a radius of 4.0 m as the voitage is applied, and thereafter expands by plasma eresion ai "¢
slow rate of 3 cm/us, reaching a radius of 4.7 m &t the end of the calculation. The current 1o ne
sphere (Figure 10-12) reaches a peak of 140 mA at 15 us into the pulse, ang falis oft siuwiy
thereafter. (These calculations gave the tirst indication that the SPEAR |l incident ion cufrants
might be an order of magnitude above the values obtainec from the equilibrium treatment.; It was
estimated that 10 ms would be required for the current to relax to the Langmuir-Bicagatr ©
equilibrium current of 14 mA. (Note tnat the coliected current correlates inversely with the shcati
size. This is analogous to the space-charge-limited current coliected by an inner sphere fron g
concentric outer sphere.)

To develop scaiing a relation, we postulate that the peak current is given Dy

Py
£y

heax = & QY

where Q is a characteristic charge and t a characteristic time. The charactenstic cha’ .
logically taken as the space charge in the sheath (which must balance the surface charge ot
probej:

P

Q - (47/3) ne RS,

where we have neglected the probe volume reiative to the sheath volume, The characteristic tr w

may be taken as the time for an icn {o travel the sheath radius in a uniform field given by U =
applied voltage over the sheath radius:

1 = (2 m R¥eV)™.

For the Gilbert calculation. we have Q = 4 3x10° coviombs, and 1= 7.3x10° seconds, sotnat o
scaling constant takes the value

and the scaling relation is
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Figure 10-12. Time-dependent ion current to the sphere model of the SPEAR i payload. The
Langmuir-Blodgett “steady state current is shown for reference.
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JTable10-3 shows “frozen ion” estimates of the sheath size (caiculated by NASCAP/EO for tic
three diruensional representation of the SPEAR |l payload under space and laboratory conditions;,
and the peak transient currents to the high voltage probe (predicted by scaling the Gilbert resu'ts).
To obtain the actual parasitic current in the circuit, the incident ion current must be enhanced by
a large factor to take into account the secondary electron yield of the incident ions. While there
is a great deal of uncertainty in the sccondary yield value, a yield of 25 would be a reasonable
estimate.!"® This gives a parasitic current exceeding two amperes under laboratory conditions. For
comparison, the fully dynamic results (obtained from DynaPAC, as described below) predicted
a total peak incident ion current of 50 mA, with 35 mA on the probe, for a parasitic current of 0.9
amperes.

Table 10-3. Transient Current Estimates
Gilbert Space Laboratory
Density [cm?] 1 x 10° 1x 10° 1 x 10°
Equilibrium Sheath Radius [m] 15 2.3 1.8
Equilibrium Current [mA] 14 1.6 10
Transient Sheath Radius, Rg [m] 4.0 13m 1.0m
Transit Time, 1 [us] 7.3 2.4 1.6
Sheath Charge [ucoul] 43 0.15 0.7
Q/at (mA] 140 15 11
Secondary Electron Yield 25 25 25
Peak Parasitic Current [A] 36 0.39 26

Estimates of peak parasitic curret (1) calculated by Gilbert for a 03
meter radius sphere; (2) estimated for space conditions (plasma density 10°
cm?) using the NASCAP/LEOQ "frozen ion" approximation; and (3) similarly estimated for
laboratory conditions (plasma density 10° cm™).

The predicted current levels would not impair the high voltage system operation, but v o i
seriously impact the ability of the high voitage probe to measure the transformer seconcary
voltage. Figure 10-12 shows a circuit model of the probe, in which parasitic plasma current i
injected one-tenth of the way from the high voltage end, and the voltage measurement is taken
one-tenth of the way fro.n the ground end. For the case of -100 kV applied to the probe, ttus
circuit model predicts that a parasitic current of 0.5 amperes will result in the measurement being
low by a factor of two.

A comparison of the probe traces obtained from the space simulation chamber tests under
vacuum and plasma conditions dramatically illustrates this effect. Figure 10-14 shows diagnostic
signal traces for a 50 us, 80 kV pulse in vacuum. The high voltage probe trace is the dark, upper
trace; the other traces are diagnostics taken at other components of the high voltage circuit. In
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Figure 10-13. Circuit model of high voltage probe, used to estimate the effect of parasitic plasma
current. The transformer secondary voitage is measured as 10xV,, = (1. -1,,...)
x 100 kV.
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100.

Figure 10-14. Circuit diagnostics for an 80 kV, 50 microsecond SPEAR Il pulse with no plasma
sources operating. The upper trace represents the transformer secondary voltage
as measured by the voltage divider probe. The remaining traces are diagnostics
for other components of the high voltage circuit.




Figure 10-15 the trace is shown tor the same pulse parameters in the presence of a 10° cm* Ar
plasma. The high voltage probe reading is diminished by about a factor of two, but all of the other
diagnostic signals are indi~tinguishable from the vacuum shot. Our conclusion is that the high
voltage circuit is operating properly in the presence of plasma, but the high voltage probe is
reading incorrectly.

DynaPAC Calculation of Transient Currents to SPEAR Il High Voltage Components

All the calculations described above either use an equilibrium or "frozen ion" space charge
representation, neither of which adequately model the dynamics of the SPEAR Ii pulse, or else
model the gecmetry as axisymmetric, which is not an adequate approximation to the partially
enclosed structure of SPEAR Ii. Estimates of the peak incident ion current, the division of this
current among the SPEAR Il high voltage components, and the timescale of the current obtained
by scaling the results of equilibrium codes based on resuits for poorly representative geometry
required confirmation by & fully 3-D dynamic code. For this reason the DynaPAC code, already
under development for Geophysics Laboratory (now Phillips Laboratory) was supported by the
SPEAR program.

With the development of DynaPAC for the SPEAR Il program, it was possible {0 calculate the time
dependent ion currents to the various SPEAR !l high voltage components. The geometrical model
of the SPEAR il payload was the same as was used for the NASCAP/LEO calculations described
above. Initially, each DynaPAC grid was filled with a regular array of ion macroparticles,
representing an Ar plasma with a density of 1x10° cm™. At each timestep, a time-dependent
voltage, representing a 100 kV, 50 us pulse with 3 ps risetime, was applied to the high voltage
components, the electrostatic potential field was calculated using the known ion distribution and
an analytic expression for the electron charge density, and the ion macroparticles were tracked
in the new field for the specified timeutep length. After 3 us, the ion macroparticles assumed the
configuration represented in Figure 10-16. The figure shows ion voids near the klystrode battery
pack and the transformer. This indicates that substantial ion motion has taken place i these
regions, which had high fields due to the close proximity of grounded struts and bulkheads. By
contrast, ions at iarge distances were just beginning to be accelerated toward the high voltage
probe, as indicated by the curvature of the originally straight lines of macroparticles.

Figure10-17 shows the calculated ion currents incident on various SPEAR I payload components.
The klystrode battery pack and transformer (which are well shielded electrostatically by struts and
bulkhead) had peaV. currents of about 12 mA each, which occurred approximately 6 us into the
pulse. The current to the high voltage probe (which influences a larger volume of plasma) rose
to a peak exceeding 30 mA at about 12 ps. The total incident ion current (which includes currents
to the high voltage leads) peaked at around 55 mA approximately 8 us into the pulse. All of the
currents fell off slowly after reaching their peak values. (For comparison, NASCAP/LEO
equilibrium calculations for these conditions gave a total payload current of 6 mA. See
Table 10-4.)
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Figure 10-15. Circuit diagnostics for an 80 kV, 50 microsecond SPEAR |l pulse with plasma
sources operating. The transformer secondary voltage measurement is about nalf
the value measured in vacuum, and now appears as the lower curve. Remaining
circuit diagnostics are unchanged. DynaPAC calculations, anticipated by
NASCAP/LEO and Gilbert results, showed that the voltage divider probe

measurement was incorrect in the presence of plasma due to high incident ion
currents to the probe.
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Figure 10-16. Calculated ion macroparticle positions 3 us into a SPEAR il high voltage pulse
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Figure 10-17. Calculated incident ion currents to the SPEAR i high voltage probe, kiysirode
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Table 10-4. Predicted Incident lon Currents 10 SPEAR i
Equilibrium Calculation 6 ma
Pre-Test Prediction 100 ma
DynaPAC Calculation 55 ma

Taking into account the secondary electron yield, the predicted parasitic current through the upper
part of the probe is nearly one ampere. As discussed in the previous section, this is easily enough
current to cause the observed erroneocus measurements by the high volitage probe.

A rough estimate ot the time needed to approach an equilibrium sheath may be obtained as the
time required to drain the equilibrium sheath volume (approximately a 2.1 meter radius sphere)
of charge at a mean current of about 40 mA. This approach gives a sheath formation time ot 150
us, which is three times the longest SPEAR li high voltage pulse. Therefore, the equilibrnum
formutation is never appropriate for the SPEAR i operating conditions.

Summary of Technica! Achlevements and Capabiliities

This chapter has discussed the development of three plasma interaction model computer codes
and their application to the SPEAR program. The two existing codes, NASCAP/LEQ and Gilbert,
were both enhanced under the SPEAR program, and their ability to make useful and non-obvious
predictions was demonstrated. The new code, DynaPAC, demonstrated its ability to perform
dynamic plasma interactions calculations for complex systems,

Achievements in the area of code development, enhancement, and validation include:

(n For NASCAP/LEO:

{a) Demonstration of the ability to calculate equilibrium sheaths and current
distributions for systems with high geometrical complexity;

(b) Addition of a "frozen ion" approximation to aid in analysis of transient sheath
phenomena.

(2) For Gilbert:

(a) Development of an internal boundary condition to mimic the electrostatic effects
of a screen;

(b) Demonstration of the ability to predict spatial and temporal current distributions
with sufficient accuracy to make meaningful physical predictions.

(3) For DynaPAC:
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(4)

(5)

(a) Development of a computer code capable of performing dynamic plasma
calcuiations for systems with high geometrical complexity;

(o) Deveiopment ot a programmer-friendly DataBase Manager for the aliocation,
storage, and retrieval ot large arrays of data;,

(¢ Development of high-order finite element techriques to guarantee accurale
potential solutions with strictly continuous electric fields,

{Q) Development of pre- and post-processors for ease of problem setup, input
generation, and data visualization.

Applications of these codes to the SPEAR program include:

Prediction (using Gilbert) of the rapid (or slow) breakdown of a negatively biased high
voltage fixture by the presence (or absence) or calculable ion current to the "triple point”,

Calculation (using Gilbert) of dynamic ion currents for the small chamber test of SPEAR
i, showing that the intermediate-length pulse was most likely to break down;

Calculation (using NASCAP/LEO) of the equilibrium current distribution and estimate of
the equilibrium fioating potential tor SPEAR I;

Development (using Gilbert) of a theory for dynamic sheath development and transient
current for a negative probe, showing that transient currents can exceed equilibrium
currents by an order of magnitude;

Pre-test prediction (using Gilbert and NASCAP/LEQ) of high parasitic currents to the
SPEAR il high voltage probe in the presence of plasma,

Calculation (using DynaPAC) of the time-dependent plasma currents to the SPEAR I high
voltage componants.
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SURFACE FLASHOVER THEORY
WITH APPLICATIONS TO HIGH VOLTAGE CONDITIONING

Introduction

The SPEAR program revealed the need to condition high voltage components for the space
environment. Both the high voltage transformer and the iystrode bushing required a conditioning
sequence before high voltage standoff could be achieved. Conditioning is an art and
unpredictable and techniques that work for one design or environment can fail in a different
situation. In practice it is not possible 10 guarantee that a conditioning technique wiii work or o
know how long the conditioning will last. To gain insight into the conditioning process, a surface
flashover theory was developed that describes, quantitatively, the initiation of flashover. The
theory reveals the role surface desorption plays in the arc initiation process and is an important
step in understanding, quantitatively the process of conditioning model to aid in the design of high
voltage components and conditioning techniques.

Application

High voltage insulation in space emerges as a critical issue because of the advantages inherent
in operating high voltage SDI systems in configurations where bushings, components, and
distribution networks are exposed to the ambient environment. Recognizing this, the SPEAR
program initiated a number of space simulation experiments, conducted in laboratory plasma
chambers, that demonstrated that:

(1) The plasma induced arcing could be diminished through changes in the geometry of high
voltage components. Computer simutations substantuated by laboratory experiments
showed that the use of electrostatic screens and electrode shaping redirected ions away
from the triple points and increased high voltage standoff.

{2) High voltage standoff capability of insulators improved with conditioning. Conditioning
consists of repeatedly applying high voltages to a component aliowing it to arc until it is
capable of withstanding the high voltage. The conditioning process is understood
qualitatively as resulting from changes in the surface properties such as removal ot
surface contaminants and gas desorption. The theory developed tor the SPEAR program
relates high voltage standoff to surface desorption coefficients and conditioning leakage
urrents {o quantity of desorbed gas. As it stands now the theory can predict pressure
increases during the condition process which can be used as an independent
measurement, (a) to verify that conditioning is occurring, and (b) to estimate the
conditioning time required.
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innovative Concepts

The SPEAR model of surface Hlashover initiation quantitatively predicts breakdown threstaiaz tg
gas release given surtace electron impact desc: stion properties. The theory combines the ¢hioais
of surface charging, surface secondary electron emission, neutrai desorption, and ionzati &, « itrun

the desorbed gas. Because the theory relates the quantity of desorbed neutrals to the tias! over
current and applied voltage, it can be tested in laboratory experiments. With additiona! daia on
surtace desorption over periods of electron impact, the theory can be used o predict the
conditioning needed to reduce the desorption rate below fiashover thresholds. This aisc cuuld
be tested and if confirmed used in the design of high voltage components and cordiucring
strategies.

A Theory of Surface Flashover

In SPEAR chamber tests the neutral pressure was observed to increase during conditisning of
the high voltage components. This revealed the role of surface neutral desorption in the ar
initiation process. Impact by impinging electrons has been proposed as the mechanism {c: this
desorption. We utilize the hypothesis of desorption of gas and its subsequent ionization oy
riectron bombardment to construct @ model of surface fiashover. The idealized configurauo: in
Figure 10-18 shows two electrodes separated by an insulator length ¢ and charged 1o a poterital
ditterence V. The inter-electrode space may be filled by a plasma of density n,.

See Flgure 10-18 on page 99

Figure 10-18. Idealized configuration for surface flashover problem shows
insulator of length ¢ with suface charge density o,.

One imagines that the surface of the insulator becomes positively charged so that any elccircns
15,

emitted from the cathode near the triple point strike the insulator, producing secondary electro:
which also remain ciose to that surface. Electrons bombarding the surface release adsorbed
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Figure 10-18. Idealized configuration for surface flashover problem shows
insulator of length L with surface charge density Gg.
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gases that become ionized by collisions with sufficiently energetic electrons, leading 1o an
increase in the flux of electrons bombarding the insulator.

The model equations for this system are as follows:

dx

o

1 1
- M (10-9)
e dt

jout - jlnr

where ¥ is the charge per unit area on the insulator and j, and j,, are the ingoing and outgoing
fluxes of electrons. The fluxes |, and |, are related by the secondary emission yield Y(g) at the
energy of the incident electrons is €.

Jo = Y(e) Jine (10-10)

it is usetul to define the surtace charge density, o, , to be the charge in a layer above the surface

o, = Indy - 16, (10-11)

where n, is the electron density in the space above the layer, whose thickness is 8. The charge
density, o, is determined by continuity as shown in equation 10-12.

00y K _ . .
_é.tg+..a._x..=-]h+jm+s, (10‘12)

The three terms on the right hand side of equation 10-12 are the sources and sinks of charge due
to charge leaving the layer, entering the layer from the surface, and creation of charge in the layer

ionization rate per unit area of the current layer is denoted by S. Recombination and attachment
are neglected.

For simplcty we have assumed that all eleclrons in the layer are born on the surface of the
insulator (y=0) with a single energy &, = wmv’, and a velocity v, in the y direction.

The preceding equation must be comolemented by equations that determine the density N of gas
in the layers:

NVo = jo = Yiim (10-15)

where v is the number of gas molecules desorbed per incident eiectron and V, is the mean
velocity of desorbed molecules normal to the insulator surface. It is assumed that gas molecules
move through & in times o/V, that are negligible in comparison with the time scales of the
phenomena of interest.
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We now consider steady state solutions of the foregoing equations and seek conditions indicative
of breakdown. From equations 10-9 and 10-10, we require

e -e, (10-14)

where g, is the first crossover energy defined by

Y(e,) = 1, (10-15)
Y (e,)>0. (10-16)
de

We can relate the paraile! and perpendicular electric fields as follows. The secondary electrons

leave the surface with energy g, and return to the surface with energy €, a time, : = 2mv,

, later.
ek

The distance traveled under the influence of the parallel electric filed is d = E;t. This along with

energy conservation, e, - e4 = E'd, can be used to produce

Y%
€ { 2 Ve, (10-17)
€y "~ &

in obtaining this relation, one neglects electron energy loss by ionization as well as by inelastic
processes. The effect of this neglect should be examined.

The ionization rate, S, due to collisions by the surface current of electrons, K, with the desorbed
gas, N, is:

S = NKo = %@Ko. (1C-18)
0

The surface current, K, can be expressed in terms of the incident electron fiux, J,, by noting that
K is just the current generated the secondary electrons hopping,

d de E
eK = (Jint)(——:'l’] = Jdin —;—"2—' (10-19)

4
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S - —5—(0{ 20, ]K"’ - aK?, (10:20)

21"80

solving for K and substituting in equation 10-19, we have
Substituting this into equation 10-17, and gathering the constants into the coefficient, =, 3i-us

K | K2 (10-21)
ox
integrating equation 10-21 gives
K = _...59.__._, (16 223
1-Ky o X

where ek, is the current at the cathode end of the insulator. Electrons may be liberatog at the
cathode by field emission or as a result of ion bombardment of the cathode. In genural. the
magnitude of K, depends on the parameters of the discharge and the surrounding ambient
plasma including, in particular, the electric field and ion current distribution near the cathoce tripie
point. We denote these dependencies by the expression K, = K, ({EJ.{i}), that is, K, is taken tc
be some function of the electric field E, and ion current density j at the cathode. The iatic:
includes ions generated by collisions with efectrons in the layer & that move to the cathode under
the influence of the fields.

Althcugh the mechanisms associated with cathode emission are not well understood, we can
nevertheless define a critical emission current

Ko, = (x)71, (1023
corresponding to breakdown conditions.
Application to SPEAR Il and other Syztems
We seek to determine if the critical current given in equations 10-23 is in accord with thie cuiroiit

I'= 1.3 x 10" amp observed .y Gray "® in a simple flashover channel withagap ¢ = 1 3. 10°
cm, a flashover field of 20 kV/cm and a channel width w~103cm. This gives

GK = L = 137MR (10 24)
w cm
From equations 15-20
2eE
= 1(;9_2_,_,6_.__'..‘@ (10-25)

Vo £y - g
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Taking {0)=10"'® cm?, V, = 4 x 10* crysec, ¢, - ¢4 = 100 8V, we find,

-19 -19
1.6x10"  16x107" Q1 ampjom. (10-26)

aK =
al 1.3x10%y v

This value is in reasonabte accord with experimental results for y~1. A desorption probability of
a few molecules per electron is consistent with results reported by Hackam "7, and is a
reasonable value if the surface is heated by electrons.

The theory relates the surface current, K, to the rate of desorption of gas from the insutator
surface. As will be shown beiow, the rates predicted are in qualitative agreement with the
pressure increases observed in SPEAR Il during conditioning sequences on the pad at White
Sands.

Using equation 10-13, we can integrate the flux of desorbed neutrals over the surface contributing
to the flashover to get the total current of neutrals, R.

R - / NVdA (10-27)
surface

with equations 10-19 and 10-22 this can be expressed in terms of the flashover current, |, as

-IE (1 - KOGQ)GnU - Koaé) (10_28)
e Ko d '

During flashover described by equations 10-22 and 10-23 a large but obviously finite current
flows. Power supplies have current limits and will control K, to give a large but finite currents.
With this in mind we can approximate equation 10-28 by assuming K.od is near 1 say .9-.89
corresponding to an amplification of 10-100. in this case we have,

R=v

tC

L (10-29)
e

R=(1t.3) vy

a |~

This equation for iow vaiue of K,af where the prefactor in equation 10-29 is one, states that the

Current of eiectrons } ( Number of hops

along flashover pams,é_i -y. The

= l
rate of desorbed neutrals equais R { in ﬂashover.—ef

7

total amount of neutrals produced during conditioning flashover is the rate of neutral production
times the flashover time. For the SPEAR Il conditions, the number of electrons involved in a
typical flashover of length 1 = 10%s i
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The ratio, e is the number of hops of the electrons along the flashover surtace. Tris s sl e

number of intervals with energy ¢, - 508V make up the standoff voltage.

—n

For each electron iroact onto the surtace v neutrals are released info the chamber. The precee
value of vis uncertain but is between 1 and 10 for impact energies of £, = 50eV. The number
of gas moiecules released dunng a discharge is the n = 10°% - 10",

Assuming during the SPEAR i conditionung sequences that this amount of neutals was em:ies
into a volume of about a cubic meter it would produce a pressure of between -10% and 12 o
This is consistent with the opbservations from White Sands that the pressute increasea dunn
each conditioning sequence.

W2

Equations 10-20. 10-22 and equaiion 10-29 are important steps in understanding conditicning.
Equations 10-20 and 10-22 reveal the drivers in the surface flashover process. in general 15
not possidie 1o control the flashover path length, 1, so conditioning must modity the surlace
desorption preperties described by ¢, namely y. Decreasing the surtace desorplion coeticient
will increase the flashover threshoid. Conditicning does exactly this by driving neutrals trom e
surfane of the insulator. Moreover, equation 10 29 relates the amount of surtace desorp:‘"ﬂ e
the conditioning current. With further developmen! and experimental confirmation, this couid b
usec 10 giagnose conditioning of igh voltage componer.ts b giving a measure 1o the congiticning
process. For exampie. measuring the flashover current and the pressure of the desorbeg restrais
could be used with equation 10-29 10 give y which could be used as a measure of the condition
of the surface.

New Technical Achlevernents and Capabliities

(1 A new surtace fiashover theory has been developed for use oy the SPEAR program and
other high voltage operations in space.

{(2) Trie theory relates surface flashover cutrent 1o electron impact induced surtace descrotion
The pressure increases due to these neutrals and are consistent with the pressure
observations during the SPEAR 1 conditioning sequences on the pad at White Sanas

{3) The theory provides an important first step in understanding the process of high voitage
conditioning. Further development could result in a predictive mode! of conditioning
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QUICK MODEL OF SPACECRAFT OUTGASSING PLUMES
Introduction

A new, quick running modei of the bulk neutral density from outgassing has been develioped alter
the SPEAR 1 flight for the SPEAR Il program. The model includes the etfects of refiection from
surfaces as well as scattering by the ambient ram neutrals. The mode! is quick running and can
be integrated nto engineering design codes such as EPSAT'®. The model showed that the
outgassing of the G-10 booms was insufficient to cause ionization breakdown during the SPEAR
I flight even for the extreme case where the G-10 was assumed to be responsible for the high
pressures measured by the neutral pressure gauge. Additionally, return flux of outgassing due
to colisions with the ambient environment was shown to be negligible. Preflight calcutations
performed for SPEAR Il showed that sheath ionizations would have no effect on the power
system performance. This was confirmed in the Plumbrook chamber tests where nc sheath
breakdowns were observed.

Apptication

Typical space systems must operate in a wide range of neutral contaminant environments. The
ambient neutral density changes with season, time of day, and orbit. Attitude control thrusters
periodically fire. Outgassing rates from surfaces change with time, and accommodation rates
depend on incident fluxes, which in turn depend on all of the above. The neutral environment can
cause deleterious effects to exposed high voltage components. Paschen breakdown can occur
it the neutral density falls near the Paschen minimum. Neutrals in electron colleciing sheaths can
have butk breakdown (sheath ionization) to the background plasma and other components as was
observed in the SPEAR | Plumbrook chamber tests. When designing for these changing
2nvironments, it is necessary to have quick estimates for the neutral density at select positions
(such as near g high voltage component) throughout the time period. The SPEAR outgassing
model allows the rapid calcuiation of the bulk neutral densities around complex spacecraft such
as SPEAR | and SPEAR Ii. The model is compiementary to the Auburn outgassing model; the
S-Cubed model uses the Auburn surface and complex object rates as input and calculates the
external expansion including scattering off surfaces and the ambient ram.,
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Innovative Concepts

The SPEAR contamination mode! includes the return flux scattered from the ambient ram. The
model makes use of the scale in variance of the physics to enable a quick look-up sch. i 1% be
employed that replaces the volume integral used in standard contamination codes.

The surtace to surface wiew factors, which determine the reflection contribution freri Sue to
neutral accommodation, are computed by breaking the surfaces into triangles and then ocina the
analytic result for the solid angle subtended by a triangle. This approach replaces = ¢.rtace
integral that is used in many contamination models.

The Quick Outgassing Model

The neutral effluent due to outgassing and accommodation is generally of low enough dut. ity that
collisional mean free paths are large compared with object dimensions. For this case, ncuvals
leaving a surface travel in straight lines and either leave the region of interest or hit ancther
surface. Neutrals that hit another surface either stick or are accommodated. This process is
shown befow in Figure 10-19.

See Figure 10-19 on page 107

Figure 10-19. Trhe neutral density at a point arises from a) direct surtace outgassin~. arei i
reflections {accommodation) from surfaces, and ¢) scattering off of the zimb.en
ram neutrals.

AN

The neutral density at x is the sum of the outgassing density from each surtace plus contucuiucrs
due 10 accommodation of neutrals incident from other surfaces and the ram scatterng. cach
surface contributes a density given by,

p=fde-?%, (10 32)

where C determines the outgassing rate. The above expression is proportional to the vice factor
ot the surface S at r. It is convenient to evaluate r directly above the surface, S
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Figure 10-19. The neutral density at a point arises from a) direct surface
outgassing, and b) reflections (accommodation) from suriaces,
and c) scattering off of the ambient ram neutrals.
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0{0) = 2xC. (10-33)

Hence we can express the density at r from S in terms of the outgassing density at the surntace
and the solid angle Q, subtended by S atr.

p = p(o)_‘}._ (16-34)
2n
The total density from all surfaces is then,

Q
p =Y pKO)—é’f- (10-35)
surfaces 1

in the above expression, p,(0) is not the bare density due to ocutgassing by surface 1 but must
include accommodated neutrals from other surfaces. Designating p° 10 be the bare outgassing
density column vector for all surfaces and p(0) to be a vector containing the total neutral
densities for all surfaces, including multiple accommodations, we have the following matrix

equation ~ ‘
’ p(0) = p° + M-p(0), (10-36)

where M is a matrix of surface to surtace view factors including an accommodation factor (which
conserves flux at the surface and depends on the incoming fiux and the surface temperature).
Although this can be directly solved for p(0) in terms of p° as,

p(0) = (1-M)"p", (10-37)

it is more convenient to iteratively estimate p(0) using,

p(0) = pO + M-p® + MM-p? +... {10-38)

Each iteration corresponds to a refiection. Typically one iteration (corresponding to single
reflection) is sufficient. The calculations presented below use the single reflection approximation.
In practice M, is computed once for a system configuration and then used for any ambient ram
environments and outgassing rates.

Finally, the total neutral density at a point is given by the sum of the contributions from each
surtface plus the ram scattering contribution. This latter component can be expressed as a voiume
integral over the scattering sources throughout space with

A, T, -V, 7 -9, 2
Prewm ™ Powtgassing J\X‘fff 3 3 r< dr deosd, (10-39)
.

r
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where To =T = X4+ Ay is the area of the surface, Py g is the outgassing density at the

surtace, X' iS 60, . aNA v, . ¥, are unit vectors in the direction of the outgassing surtace and
the ram respectively. All distances are expressed in terms of x, the distance between the surtace
and observation point. In the above equation, if the dot products are less than zero, the dot
product is taken o be zero. This occurs when the integration volume is behind the outgassing
surtace and when the scattering by the ram cannot get to the observer.

Sce Figure 10-20 on page 110

Figure 10-20. The ram scattering contribution to the neutral density can be expressed as a
volume integral over the scattering sources throughout space.

As seen in equation 10-39 the dimensional variables have been entirely scaled out leaving only
the orientational (angular) dependences o, B, and ¢. Therefore, the integral can be done
numerically for several values of these angles and tabulated for subsequent use. This recuction
of a three dimensional integral to a simple table look-up is the key to the speed of the backscatter
return flux calculations in the SPEAR outgassing model.

Equation 10-39 also shows that return flux from outgassing scattering is negligible unless the size
of the source is comparable to the mean free path of the ambient neutral. For SPEAR above
200Km where the neutral density is <10'%m®, this is less than 1% effective.

Application T2 SPEAR

The SPEAR experiments were designed to investigate the space environment interactions with
high voltage components. In SPEAR I, high voltage plasma current collection in the presence of
the earth’s magnetic field was investigated. At issue were the exient that non-classical
mechanisms such as anomalous scattering, turbulence. and ionization affect current coliection.
The methodology of this investigation was to compare the SPEAR | experimental results for
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Figure 10-20. The ram scattering contnbution to the neutral density can be
expressed as a volume integral over the scattering sources
throughout space.
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current collection with the results of the NASCAP/LEO™ and POLAR™ codes which assume
classical current coliection mechanisms (plasma particles move under the influence of
non-oscillating fields). This, however, would be conclusive only if the effects of neutral ionization
could be ignored. The neutral density calculations using the outgassing model discussed showed
just that. Preflight calculations were performed for SPEAR Il. The calculations showed that
external outgassing would not cause sheath ionization breakdown.

Figure 10-21 shows the SPEAR | object and ranges for surface outgassing rates provided by
Lioyd Gordon of Auburn University for the hot aluminum body, G-10 boom and G-10.aluminum
bushings and aluminum spheres. The major unknown in these calculations was the outgassing
rate of the G-10 booms. Figure 10-22 shows the neutral densities about SPEAR 1 as calculated
using the above theory. The highest densities in this calculation are less than 10"°m”. This is tar
lower than the neutral densities measured during the SPEAR | flight (>10''m?). Because the
G-10 outgassing rate was suspect, we increased the G-10 rate until the neutral density in the
vicinity of the neutral gauge reached the observed levels. This required an increase in the G-10
outgassing rate by two orders of magnitude. This new outgassing rate was used in the calculation
shown in Figure 10-23. This calculation was considered an extreme upper bound on the neutral
density about SPEAR |. As seen in the figure, even for the extreme outgassing rate assumed for
the G-10 boom, in the sphere region the neutral density is significantly less than 10'’'m>. For
these densities ionization effects in electron sheaths are not important.

fn summary, outgassing on SPEAR | could not have caused any ancmalous plasma effects. This
is true even for the extreme assumption that the g-10 boom was highly outgassing and
respongible for the high neutral pressure gauge readings during flight.

Calculations of SPEAR Il external outgassing densities were performed assuming the same
outgassing rate for all materials. The value chosen was 0.01 W/m?, the maximum ambient rate
for hot aluminum. The resultant gas cloud was orders of magnitude less dense than necessary
for icnization enhanced sheath currents of for sheath breakdown. The calculated gas cloud
surrouncing SPEAR Il is shown in Figure 10-24. The SPEAR |l Plumbrook chamber tests showed
no bulk ionization breakdown in the sheath, consistent with the low outgassing densities predicted
by the model.
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Units X 10" W/m?

Aluminum sphere with trapped gas 5,000 - 7,000

G-10 boom with Al grading rings > 10,000
G-10 telescoping boom 30,000 - 50,000

\ Hot aluminum surtace

7,000 - 100,000

Figure 10-21. Outgassing rates for SPEAR 1 components.
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Figure 10-22. Outgassing densities about SPEAR |, taking outgassing rates of
7 x 10°4 W/m?2 for the sphiares, 10-3 W/m2 for the bushings,
5 - 103 W/m?2 for the booms, and 1072 W/m? for the body. These
values were provided by Auburn University.

113




1x 1013

"
-

33 37 41 45 48

Figure 10-23. Outgassing densities about SPEAR 1 using elevated G-10
outgassing. Even for this enhanced outgassing and resultant neutral
densities, the density in the sphere region is below the sheath
ionization thresholds.
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See Figure 10-24 on page 116

Figure 10-24. Outgassing densities about SPEAR Il using outgassing rates of .01 W/m? for all
surfaces.

Summary

The new SPEAR modet enables the neutral density due to outgassing, including scattering from
the ambient, to be computed quickly making system trade studies practical. The model has been
incorporated into the NASCAP/LEQ and EPSAT codes for use in engineering design analysis.
Calculations using the model show that normal outgassing has little impact on collecting sheaths
for the power systems, and that ambinet neutral-outgassing scattering is negligible for few meter
size systems above 200 km. For SPEAR i the neutral density in the electron collecting sheath
due to outgassing was shown to be beiow breakdown thresholds. This result is consistent with
the lack of sheath ionization breakdown during hte SPEAR | flight. For SPEAR I, the neutral
density in the ion collecting sheaths was shown to be insufficient to cause significant ionization
enhancements to the collected current.  This is consistent with the Plumbook chamber tests. In
Plumbrook the observed current collection was in agreement with DynaPAC calculations, implying
that only classical phenomena, not ionization, controiled the plasma interaction physics.
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Figure 10-24. Outgassing densities about SPEAR Il using outgassing rates of
.01 W/m2 for all surfaces.
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Comparison Matrix
NASCAP/LEO - Gilbert - DynaPAC

NASCAPALEO | Gilben | DynaPAC |
Dimensionality 3-D 2%-D 3-D
Potential Interpolation TriLinear BiQuadratic | High Order
Steady-State Sheaths Yes Yes Yes |
Generalized Geometry Yes Yes Yes B
Time Dependence No Yes Yes
Magnetic Fields Yes Ves Yes
Self-Consistent Sheaths No Yes Yes
Plasma Wakes Yes No Yes
Neutral Ionization No Yes Planned
DawBase Centered No No Yes
User Interface Good Good Best
Development for SPEAR I Augmented Augmented | Developed J’
Validation by SPEAR II No Yes Yes
Extend SPEAR II Results Yes 1 Yes Yes

Note to Editor:

This table is provided for editorial convenience. It does not exist on the disks,
and is not called out in the text. It may be conveniently placed in the "Summary
of Technical Developments and Capabilities” section at the end of the code por-
tion of the chapter.
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8. SIMPLE CALCULATIONS FOR THE BREAKDOWN OF A NEGATIVE
SHEATH

This work appeared in the Quarterly Report for 1 January through 31 March
1991.
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8. IONIZATION CALCULATIONS

lonization breakdown for negative potentiais takes place according to the
following mechanism:

1. An electron emitted from the probe surface creates I'ions as it is
accelerated into space,

2. The collection of those ions results in emission of yI™ electrons.

We have breakdown for yI" > 1. More precisely, the current amplification factcr
fora“seedion’is 1 + v (1 + [ )/(1 - '), where yg is the secondary yield for the

seed ion. Note that:
1. Tis a function of the potential distribution V(r), the neutral density

distribution Ngi(r), and the ionization cross-section o(E).
2. vis a function of the distribution of potentials at which ions are created.

One-dimensional calculations have been done under the following
assumptions:

1. The probe is represented by a sphere of radius R = 0.64 meters (hopefully,
an adequate representation of the SPEAR | rocket body).

2. The ionization cross-section is that for electron impact ionization of No.
3. The potential is a confined coulomb potential:
V(r) = Vg (RRp/r - R)/(Rig - R)

where R g is the Langmuir-Blodgett radius for a plasma of density 101
and temperature 0.1 eV.

4. The neutral density function is f(r) = 1 or t{r) = (R/r)2.
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5. Thre secondary yield is

vo(v) = Max{0.05. 2.4 < 10-5(v - 5.5 = 104)]

where v is the ion incident velocity.

6. lons and electrons are created with zerc energy and with no energy loss to

the primary.

The results turn out to be only a little bit nonlinear. Here they are:

L Vg RLe_ tn) . Y r Breakdown Ng
1000 , 33 1 ' 084+75x102'Ng | 3.6x10°20Ng+1.1x10-39Ng2 17x10'8
710,00, 81 1 | 568+4.5x10°29Ng | 19x1020Ng+1 1x10-39Ng2 7x10'8
50,000 156° 1 153+1.0x10°'9Ng | 1.1x10720N;+8.9x10"40Ng? 4x10'8

i -1000 | 3.3 | (Rn?20.435+7.5x10"2"Ng | 9.3x10-2'Ng+6.7x10°41Ng? 10x1020 |
110,000, 8.1 { (A2 2.72+45x10°%0Ny | 3.1x10°2'Ng+8.8x10"42Ng2 0.8x1020 |
{50,000 15.61 (A2’ 7.44+1.0x10°"9Ng | 1.0x1072"Ng+1.2x10"42Ng? 1.1x1020 |

A few additional comments:

For the (R/r)2 density, all the ion production takes place within about two
meters of the probe (except for the -1000 volt case).

For constant density, as breakdown is apprecached, we get increasing

ionization at the outer boundary.

When we exceed about half the breakdown density, we get order-of-

magnitude current enhancement.

Breakdown develops on an ion transit timescale, which would be tens of
microseconds. Accumulated ions will sharpen the potential during this
process, reducing I from what we have calculated, and leading to a higher

breakdown density.

In positive potential breakdown, the accumulated ions force trapping of

additional electrons to balance their charge. For negative potential
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breakdown at threshold, the electron density is negligible and the retained
ions tend to suppress breakdown by causing electrons to be accelerated
beyond the energy for maximum cross-section more quickly.

Calculations can proceed on an ion timescale by generating the entire
ionization track of a secondary electron each time an ion strikes the prcbe.

This approach is valid as long as

(1/Q)(dQvdt) >> 1/1e
where Q is the ion content of the grid, and 1. is the time for an ionization-

produced electron (not a secondary electron) to leave the grid. That is, the
density must be near the breakdown threshold rather than well above it.
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9. SPEAR-3SHEATH STRUCTURE AND PLASMA CURRENTS

Thi~ work appeared 1in the Quarterly Report for | April through 30 June 1991




9. SPEAR il CALCULATIONS FOR PDR

DynaPAC was used to calculate sheath structure and plasma currents for the
SPEAR Ill preliminary design review, Logan, Utah, 12-14 June, 1891. A
PATRAN modet was constructed having the correct rocket dimensions. Half the
gradings were removed from the boom, as had been suggested by the
mechanical engineers. As the boom angle was not decided at the kickoff
meeting, it was set to approximately 45 degrees. The model is shown in

figure 9.1.

Steady-state calcutations were done for sphere biases of 5 kiloveits and 20
kilovolts and several rocket potentials for each case. The plasma was taken as
O+ with density 1 x 10'* m3 and temperature 0.1 eV and the magnetic field was
0.4 gauss. Figures 9.2 show potentials calculated for 20 kilovolt sphere bias,
and figures 9.3 show potentials calculated for 5 kilovolt sphere bias.

Tables 9.1 and 9.2 show the calculated electron and ion currents. {on currents
were calculated using the usual sheath method, and no problems were
encountered except for the two cases when the sheath filled the grid. Figure 9.4
shows ion trajectories for the case of 20 kilovolt bias and negative 4 kilovoit
rocket potential. We also added the ObjPot! the capability of plotting cell
currents and surface current densities. These are shown (for the same case) In
figures 9.5. Peak ion current of about 0.7 milliamperes per square meter occurs
near the middle of the rocket and opposite the sphere. . he high-voltage section
(top section) of the rocket is shielded from ion current by the positive sheath,
particularly on the side toward the sphere.
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Table 9.1 Current (milliamperes) results for SPEAR [l with
magnetic field normal to rocket-boom plane.

Total

Sphere Body Electron Current len | Secondary
FieldLine Method Current| Electrons
Potential | Pctential | Sphere | Boom ! Trapped
19.5kV| -0.5kV, -7.1 -5.1 60. 0.6 0.3 -11.1
18.0kV| -2.0kV| -11.0 -83 | 2 1.4 3.3 -14.6
16.0kV| -40kV! -87 -5.4 -9.0 1.8 71 -5.2
140KkV| -6.0kV| -4.3 -2.7 4.5 2.2 11.3 6.5
12.0kV| -80kV! 55 -1.8 -6.9 2.5 15.3 1 10.5
5000 V oV -4.2 -4.0 -9.2 0.03 0 -8.2
4500V, -500V, -27 -3.2 -9.7 0.3 0.2 -5.4 |
4000 V| -1000V! -3.0 -1.6 -9.1 0.8 1.1 -2.7
3500 V| -1500V| -5.1 -2.4 -4.6 1.0 1.9 -4.6
2500 V| -2500V| -5.9 -1.7 -0.7 >1.3 >3.7 >-2.3
| 2000 V| -3000V| -59 -1.0 02 | >1.3 >4.2 >-1.3 |
Table 9.2 Current (milliamperes) results for SPEAR lii
with magnetic iield along boom.
Sphere | Body Electron Current lon | Secondary | Total
FieldLine Method Current| Electrons
Potential | Potential | Sphere | Boom | Trapped
9.5kV; -05kVv| -3.0 -0.6 ? 0.6 0.3 -1.5
18.0kV| -20kv; -24 0 ? 1.4 3.4 2.4
16.0kV| -40kV, -23 -0.4 -15.6 1.8 7.1 6.2
140kV| -6.0kVv| -24 0 ? 2.2 11.3 11.1
120kV| -8.0kV| -24 -0 ? 2.5 15.3 15.4
5000 V ovy -29 -0.1 -30.2 0.03 0 -3.0
4500 V| -500V| -2.0 -0.1 -23.8 0.3 0.2 -1.6 |
4000 V| 1000V| 13 -0.02 | -18.1 0.8 1.1 0.6 |
3500 V| -1500 V| -1A1 -0.06 | -11.2 1.0 1.9 1.7
. 3000V| -2000V] -1.1 -0.1 -8.2 1.2 2.9 2.9
~2500V| -2500V| -13 02 | -46 >1.3 >3.7 >3.5
2000 VI -3000V| -15 0 -3.2 >1.3 >4.2 >4.0
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Electron currents to the sphere and boom proved difficult to calculate. The
sheath method gave implausible results and trajectories, particularly for cases
where the potential was not extremely well converged. This is due in part to
unphysical initial conditions given electrons started by the sheath method.
Eventually, we elected to follow electrons along field lines from the
computational boundary. This had the disadvantage in that a ot of effort went
into tracking electrons through electric-field-free regions but had the nice
properties that trapped, as well as collected, currents that could be calculated,
and they did not depend (within reason) on the initial particle energy.
(Electrons were considered quasi-trapr -d if they survived after three grid-
index loops.) Figure 9.6 shows trajectc :s for electrons emitted along the line
Z=1, X=8.5 and shows examples of unperturbed. quasi-trapped, and collected
electrons.

The electron ¢..r (s, as expected, were very different between the cases that
the magnet= field was (1) normal to the boom-rocket plane or (2) along the
boom. !, the first case, collected currents were somewhat in excess of the
Parker-Murphy limit, with comparable currents collected by the boom and tha
sphere, and the quasi-trapped current was relatively small. In the second
case, the sphere collected well under the Parker-Murphy limit, the boom
collected negligible current, and the quasi-trapped current was very high.
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Figure 9.1 SPEAR Ill model for PDR, with boom at approximately 45 degrees.
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Figure 9.3 SPEAR Il sheath contours for 5 kilovolt bias and rocket body at (a)
zero; {b) -500 valts; {c) -1000 volts; {d) -1500 voits.
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Figure 9.4 Sheath ion trajectories in potential ot figure 9.2(c).
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Figure 9.5 ObjPotl surface ion current plots for case of figure 9.4 and 9.2(c):
(a) surface cell currents; (b) surface current densities.
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Figure 9.6 Electron trajectories for potential of figure 9.2(c) and magnetic field
of 0.4 gauss along Z axis. Electrons are emitted along field lines
from computational boundary at Z=1, X=8.5.
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10. SPEAR-3 CALCULATIONS FOR PARTICLE DETECTOR PLACEMENT

This work appeared in the Quarterly Report for 1 April through 30 June 1991.
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10. SPEAR il CALCULATIONS FOR PARTICLE
DETECTOR PLACEMENT

Following the SPEAR il PDR, we were requested to do calculations to assist in
determining the placement, view angle, and angular aperture of the ion
detectors. As the strawman configuration had changed to a right-angle boom, a
new model was generated and gridding was improved to be suitabic for any
bias in the range of interest.

We performed calculations for the angular distribution of incident ions for three
representative sheath configurations. We recommended that if the ion
detector(s) are located on Science-1, that they be located on the side away from
the sphere and be aimed upward to a degree depending on their precise
location.

The three potential conditions were:

1. 16 kV bias, body at -4 kV.

2. 16 KV bias, body at -500 volts.

3. 5kV bias, body at -2500 volts.
The plasma density and temperature were 2 x 1011 m-3 and 0.1 eV,
respectively. A packet of plots was generated for each condition. Figures 10.1

refer to condition 1, figures 10.2 to condition 2, and figures 10.3 to condition 3.

The calculations were done in three ways:

1. The rocket was taken to be a cylinder with the boom and sphere ignored.
The Gilbert code was used to make 2-dimensional (R-Z) potential and
trajectory calculations. Results are included as line plots (angle vs. inches)
in the figures for conditions (1) and (2).




2. Particles were tracked inward from the sheath to the rocket using

DynaPAC. These calculations were done in the plane of the potential plots.
Each packet contains a particle trajectory plot and an angle vs. inches plot
with circles and (barely visible) crosses. The circles are results for the side
of the rocket opposite the sphere and the crosses for the side toward the
sphere. This method is particularly useful in determining which regions of
the rocket receive no incident ions.

Partictes were tracked outward from proposed detector locations 12 inches
from either end of Science-1. The results are summarized in table 10.1.
Each set of figures contains two trajectory plots for each of the two
locations. Trajectories that escape the sheath represent possible incident
ion trajectories; trajectories that reimpact the rocket do not. The trajectory
plot in the plane of the potentials shows incident ions arriving at a narrow
range of angles. The central trajectory was rotated about a line through the
detector parallel to the rocket axis, showing that the range of azimuthal
angles is relatively large.

Table 10.1

DynaPAC reverse tracking results for ion detector angle. Detector locations are

on Science-1, on side of rocket opposite right-angle boom, with location in
inches as indicated in distributed drawings. Locations are 12 inches above
bottom of Science-1 and 12 inches below top of Science-1. Angle 8 is angie
from normal to rocket toward nose. Angle ¢ is rotation from normal to rocket
about a line on surface parallel to rocket axis. The + angles are not errors but

are our computational estimates of the angular spread of the beam. They are in

reasonable agreement with our analytic estimates.

Sphere Body Detector 6 o
Bias Potential Location (deg.) (deg.)
16 kV -4 kV 136 11+2 0+£13
16 kV -4 kV 160 2+1 0+15
16 kV -500 V 136 52 0+25
16kV_ -500V 160 241 0430
5 kV -2500 V 136 8+1 08
_____ 5 kV -2500 V 160 3%1 0+8
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The three computational methods are in good agreement. Detectors on
Science-1 should be located on the side of the rocket away from the sphere.
The incident angle increases with distance from the rocket center f7.ognly the
bottom of Science 1). The rate of increase is about 0.1 degrees per inch with the
rocket at -500 volts and about 0.3 degrees per inch with the rocket at -4000
voits. An additional Gilbert calculation (figure 10.4) indicates that the angle does
not increase too much further for a very negative (-12 kV) rocket. A detector on
the sphere side will have data dropout when the sphere is at high potential, and
a 90 degree location has a high risk of data dropout. A 15° aperture detector
near the bottom of Science-1 should cover the range -5° to +10° upwards. Near
the top it should cover +5° to +20°. Azimuthally, the detector should be aimed
straight outward. We would expect such a detector to receive essentially the
entire incident ion flux to its active area.

It is interesting that the azimuthal angle range for the 16 kV bias, -500 volt rocket
case appears anomalously large. A contour plot (included in figure 10.2) normal
to the rocket axis at the level where incident jons enter the sheath shows that
the influence of the positive sphere makes the ion collecting sheath more nearly
concentric with the detector location than with the rocket axis, explaining the
large range of azimuthal angles.
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Figure 10.1(a) SPEAR Il potentials for right-angle boocm, 20 kilovolt bias, -4

kilovolt rocket.
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Cylinder at -4000 Voits
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Figure 10.1(d) Gilbert results (for biased cyiinder) corresponding to figure
10.1(c).
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Figure 10.1(e) DynaPAC reverse trajectory calculation for ion detector near
top of Science-1.
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Figure 10.1(f) DynaPAC reverse trajectory calculation for azimuthal angie
range corresponding to figure 10.1(e).
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Figure 10.1(g) DynaPAC reverse trajectory calculation for ion detector near

bottom of Science-1.
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Figure 10.1(h) DynaPAC reverse trajectory calculation for azimuthal angle

range corresponding to figure 10.1(g).
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Figure 10.2(a) SPEAR lli potentials for nght-angie boom, 20 kilovolt bias, -500
volt rocket.
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Figure 10.2(b) lon trajectories in the potentials of figure 10.2(a).
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Figure 10.2(c)

116. 132. 148. 164. 180. 196. 212. 228. 244, 260.
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Incident angle for ions vs. detector position. Circles are for side
opposite sphere, crosses for side toward sphere.
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Figure 10.2(d)
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Gilbert results (for biased cylinder) corresponding to figure

10.2(c).
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Figure 10.2(e) DynaPAC reverse trajectory calculation for ion detector near
top of Science-1.
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Date: 08-25-91
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Figure 10.2(f) DynaPAC reverse trajectory calculation for azimuthal angle
range corresponding to figure 10.2(e).
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Sice Z - 1.0000
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Figure 10.2(g) DynaPAC reverse trajectory calculation for ion detector near

bottom of Science-1.
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Pog=160 1 50040 1 eV, Thetas 454510 Phi=92
Date. 08 25 91
Sive X« 1.0000 Time 100824
Meash Size = 1.0000E +00 meters COLOR LEGEND

Z AX1S

Figure 10.2(h) DynaPAC reverse trajectory calculation for azimuthal angle
range corresponding to figure 10.2(g).
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Figure 10.2(i) Potential contours in a cut normal to the rocket axis, showing
non-concentric sheath which leads to a wide range of
azimuthal angles.
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SPEAR Il potentials for right-angle bcom, 5 kilovolt bias, -2500

volt rocket.
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Figure 10.3(b) lon trajectories in the potentials of figure 10.3(a).
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Figure 10.3(c) Incident angle for ions vs. detector position. Circles are for side

opposite sphere, crosses for side toward sphere.
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Figure 10.3(d) DynaPAC reverse trajectory calculation for ion detector near

top of Science-1.
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Figure 10.3(e) DynaPAC reverse trajectory calculation for azimuthal angle

range corresponding to figure 10.3(d).
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Figure 10.3(f) DynaPAC reverse trajectory calculation for ion detector near
bottom of Science-1.
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Figure 10.3(g) DynaPAC reverse trajectory calculation for azimuthal angle
range corresponding to figure 10.2(f).
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11. THREE-DIMENSIONAL MAGNETIC SHEATH CALCULATIONS

We used the DynaPAC computer code to perform 3-dimensional calculations of a
0.8 m radius, 1000 V sphere moving through a pltasma with a magnetic field. The
orbital motion was taken as 7500 m/sec in the x direction, and the magnetic field

was 0.4 gauss in the y direction. The plasma density was

1012 m-3, and the plasma temperature was 0.1 eV. The ion species was taken to
be O*.

Figure 11.1 shows the wake of the uncharged object. The calculation uses a
shadowing algorithm (originally developed for the POLAR code) to obtain the
“neutral approximation” results, then applies an electric field correction.

= 12 m-3
Sohere Waxa Calculation n=10'<m Date: 03-19-92
Sice Z = 10 0000 8=0.1eV Time: 17:00:14
Unts: METERS { 1.000E +00 meters ) .
Mina 1.0000E-G6 Maxe 9.9245E-01 Species = O*

COLOR LEGEND

E+00

2.E-03
5.E-03 %4
1,E£-02 ~

Y AXIS

14. 18. 18. 20.

2. 4 6. 8. 10

. 12,
X-AXIS

Figure 11.1 Plasma wake densities for an uncharged, 0.8 m radius sphere.
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Figure 11.2 shows the electrostatic potential calculated using the object-wake ion
densities. The calculation takes account of reduced screening due to fow ion
density in the wake as well as reduced wake-side electron currents. Thus, the
high positive potential extends into the wake.

12 5
n=10"m
8=0.1eV
Sprare Wake Calauianen : . + Date 03-20-32
SiceZ= 100000 Specxes =0 Time 08 59 49
Units: METERS ' COGE «Q0 meters
Min= -1 6896E-02 Max= 1 COO9E +03 B=0

COLOR LEGEND

03
92
0.1
v )
> 1.
I 5.
20.:
100 *4
200..
400,
500

Figure 11.2 Electrostatic potentials calculated with the sphere at 1000 voits and
the ion densities of Figure 11.1.

It is apparent from Figure 11.2 that the initial wake calculation is wrong. The
wake of a positive object is formed not by the object surface, but by the much
larger ion stagnation surface. The ion stagnation surface coincides with the 5V
contour level in the ram direction and drops to lower potential values on the sides
of the sheath since the electric field is oblique to the ram velocity. Figure 11.3
shows wake ion densities calculated as in Figure 11.1 but now using the ion
stagnation surface as the shadowing surface.
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Figure 11.3 lon densities calculated using the ion stagnation surface as a
shadowing surface.

Figure 11.4 shows potentials calculated using the wake ion densities of

Figure 11.3. Also, the calculation uses a new space-charge formulation that
allows the wake region to be electron rich. We see the positive potentials
extending further into the wake, and negative potentials down to about a half volt

negative.
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Figure 11.4 Electrostatic potentiais calculated using icn densities similar 1o
Figure 32. and a space charge formulation allowing the wake to be
electron rich

Finally, we add a magnetic fiid along the Y axis. To determine self-consistent
potentials in @ magnetic field requires generating electrons at a "sheath surface”
and tracking them to determine self-consistent efectron densities within the
sheatnh. Figures 11 5{abc show ihe resuitant electron densities, and

Figures 11.6(abc) show the potentiais. The three electron density plots show iow
electron densities near the ~Y sides of the sphere but relatively higher densities
in the other directions. This indicates that a beit of electrons 1s now orbiting the
sphere in the X-Z plane. 75 belt of electrons has little effect on the ram side
{where its charge is neulrai.zed by the ions!, but on the wake side {(where there
were previously nu isnis Of eiecirons) it squeezes the sheath boundary close to
the object, as is sean by comparing Figures 11.6(abc)with Figure 11.4. 1t also
reduces the Z sheath dimension relative to the Y sheath dimension, although for
these parameters the asymmetry cniy ba.umes apparent wakeward of the
sphere. (Rough calcuiztions for other parameters show far more apparent
asymmetry.)
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Figure 11.5(a) Tracked electron densities in the sheath region, with a magnetic

field of 0.4 gauss in the y direction: (a) X-Y plane.
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Figure 11.5(b) Tracked electron densities in the sheath region. with a magnetic

field of 0.4 gauss in the y direction: (b) X-Z plane.
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fieid of U 4 gauss in the y direction: (¢) Y-Z plane.
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Figure 11.f ¢ tracked electron
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